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Chemical fertilizer use is the primary source of anthropogenic atmospheric NH3 in Illinois. 
Atmospheric NH3 is a precursor to secondary particulate matter (PM) and it also contributes to 
eutrophication and soil acidification following wet or dry deposition. Uncertainty in NH3 
emissions due to sparse measurements limit the ability of air quality models to predict secondary 
PM in the atmosphere and depositional loads of nitrogen to ecosystems. To address this challenge, 
it is necessary to improve understanding of NH3 emission through experimental measurements and 
development and evaluation of NH3 emission models. This research seeks to provide new 
measured NH3 fluxes through an experimental field campaign in central Illinois, to investigate 
dependence of NH3 flux on environmental conditions and field management practices, and to 
evaluate closure of field measurements and modeled NH3 fluxes.  
Two experimental field systems to quantify NH3 flux were deployed above a corn canopy 
in Central Illinois during the 2014 corn-growing season: a relaxed eddy accumulation (REA) 
system to quantify NH3 flux in 4 h intervals and a flux-gradient (FG) system to quantify 0.5 h 
averaged NH3 flux. A new method to better the quantify the effect of flux footprint on REA flux 
measurements was developed, resulting in a subset of 82 concurrent measurements. Mean NH3 
flux was 205 ± 300 ng m-2 s-1 with REA and 110 ± 256 ng m-2 s-1 using FG for all concurrent 
measurements. REA and FG measurements were in agreement at a 0.95 confidence level. The 
FG method resolved NH3 emission peaks at 0.5 h averaging time that were otherwise un-
observed with 4 h REA averaging. Two early-season emission periods were identified (DOY 
130-132 and 140-143), where the timing and intensity of such emissions are attributed to a 
combination of the use of urease inhibitor and localized soil temperature and precipitation. 
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Though general NH3 flux trends were similar between this study and those at non-Midwest sites, 
differences in short-term NH3 emission (i.e., hours to days) were found.  
REA measurements were also used to evaluate closure with DeNitrification 
DeComposition (DNDC) model predictions of NH3 flux. A new method to address practical issues 
of evaluating closure was developed to account for flux footprints extending outside the 
measurement site and differences in measurement and model temporal resolution. Modeled fluxes 
replicated experimental trends satisfactorily using association statistics during the first 33 days 
after fertilizer application when measured fluxes were to the atmosphere (association statistic, ra2 
> 0.74). DNDC did not replicate measured trends as well during later time periods when 
depositional fluxes were measured (ra2 < 0.52). Evaluation of closure between model predictions 
and measurements identified a potential under-prediction of NH3 deposition within the DNDC 
model. These new measurements, and evaluation of closure with the DNDC model, are important 
to improving understanding of NH3 flux across varied ecosystems and for future upscaling of local 
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CHAPTER 1: BACKGROUND AND RESEARCH MOTIVATION* 
1.1 The Nitrogen Cycle 
Nitrogen is present abundantly in nature as a fundamental component of proteins and the 
most abundant gaseous component of the Earth’s atmosphere, representing 78.08% of the total 
gaseous atmospheric constituents (Jacob, 1999). Atmospheric nitrogen is present in its diatomic 
molecular form, N2, which is held together via a strong triple bond making it chemically stable 
(Seinfeld and Pandis, 2006). Nitrogen is a key component of many biological processes and is 
readily transported and transformed through a process known as the Nitrogen Cycle. The 
Nitrogen Cycle is composed of several key natural and anthropogenic transformations including 
fixation, ammonification (mineralization), nitrification, and denitrification, discussed below. 
1.1.1 Fixation 
Before N2 can become bioavailable and play an active role in environmental processes, it 
must undergo a process known as fixation (Madigan et al., 2009). Nitrogen fixation is the 
process by which N2 is converted from a chemically stable molecule to a myriad of nitrogen-
containing compounds that can be utilized by organisms and react in the environment. Fixation is 
                                               
* Reproduced in part with permission from:  
A.J. Nelson, S. Koloutsou-Vakakis, M.J. Rood, L. Myles, C. Lehmann, C. Bernacchi, S. 
Balasubramanian, E. Joo, M. Heuer, M. Vieira-Filho and J. Lin (2017) Season-long ammonia 
flux measurements above fertilized corn in central Illinois, USA, using relaxed eddy 
accumulation, Agr. Forest Meteorol., 239, 202–212 
A.J. Nelson, N. Lichiheb, S. Koloutsou-Vakakis, M.J. Rood, M. Heuer, L. Myles, E. Joo, J. 
Miller, and C. Bernacchi (2018) Ammonia Flux Measurements above a Corn Canopy using 
Relaxed Eddy Accumulation and a Flux-Gradient System. Submitted to Agr. Forest Meteorol. 
2/12/18 (AGFORMET-D-18-00154) 
S. Balasubramanian, A.J. Nelson, S. Koloutsou-Vakakis, J. Lin, M.J. Rood, L. Myles, C. 
Bernacchi (2017) Evaluation of DeNitrification DeComposition model for estimating ammonia 
fluxes from chemical fertilizer application, Agr. Forest Meteorol. 237–238, 123-134. 
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mediated naturally by lightning and microbiological processes and occurs anthropogenically via 
combustion of fossil fuels and other industrial processes.  
Lightning ionization of N2 to generate NO is the primary natural process responsible for 
atmospheric fixation (Seinfeld and Pandis, 2006). Certain microorganisms are capable of fixing 
nitrogen through a process known as biological nitrogen fixation (BNF). BNF is catalyzed by the 
nitrogenase enzyme, and occurs in free living microbes that can fix nitrogen without a host and 
in symbiotic processes requiring a specific bacteria-host pairing (Madigan et al., 2009). Through 
BNF, atmospheric N2 is converted to NH3 by nitrogenase: 
N2 + 8H ® 2NH3 + H2       Reaction 1.1 
Fixation also occurs through anthropogenic means such as the generation of NOx by 
combustion and through many industrial and agricultural processes (USEPA SAB, 2011). Many 
ecosystems are naturally nitrogen limited, meaning that the rate of biological growth is limited 
by bioavailable nitrogen (Rattray and Sievering, 2001). Under such circumstances, the 
introduction of bioavailable nitrogen beyond what is available through natural processes can 
have negative effects on the ecosystem, such as development of algal blooms in aquatic 
environments (USEPA SAB, 2011). 
 The advent of the Haber-Bosch process in 1909, allowing fixation of N2 from air via a 
multi-step catalyzed process, radically changed methods of food production by making N2 
bioavailable in industrial fertilizers (Galloway et al., 2003; Erisman et al., 2008). This process 
now accounts for an estimated 30% of total nitrogen fixation (Smith et al., 2004). Many crops 
that are grown for human and animal consumption are also capable of fixing nitrogen, a process 
known as cultivation-induced BNF, and separated from natural BNF because it is a result of 




Ammonification (also known as mineralization) is the process by which organic nitrogen 
compounds, such as amino acids, nucleotides, and other proteins are converted to ammonium 
(Madigan et al., 2009). Many organisms are able to covert organic nitrogen in this way. Organic 
nitrogen sources for ammonification include dead plants, plant litter, animal waste, and 
carcasses. Aerobically converted organic nitrogen can be quickly utilized by plants and microbes 
but may also be readily released from alkaline soils as NH3 (Madigan et al., 2009). 
1.1.3 Nitrification 
The oxidation of NH3 and NH4+ to nitrate, known as nitrification, occurs commonly in 
neutral pH soils, and is catalyzed by bacterial groups ubiquitous in soils. Nitrification is a two-
step oxidation process, where NH3 and NH4+ are first oxidized to NO2
- and then further oxidized 
to NO3
- according to the following reactions: 
NH3 + O2 ® NO2
- + 3H+ + 2e-      Reaction 1.2 
2 NH4+ + 3 O2 ® 2 NO2- + 2 H2O + 4H+     Reaction 1.3 
2 NO2
- + O2 ® 2NO3
-        Reaction 1.4 
where Reactions 1.2 and 1.3 are catalyzed by Nitrosomonas and Reaction 1.4 is catalyzed by 
Nitrobacter (Madigan et al., 2009). 
Nitrification is an aerobic process, and occurs most readily in porous soils. As nitrate is 
highly soluble in water, the nitrification process may lead to undesirable transport of nitrogen 
through runoff and leaching of nitrates (Vitousek et al., 1997). This is particularly detrimental in 
agriculture, as nitrification can lead to loss of nitrogen applied as fertilizers. Nitrogen based 
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fertilizers are often applied as NH3 and urea and incorporate specific enzymatic inhibitors to 
prevent or slow nitrification (Madigan et al., 2009). 
1.1.4 Denitrification 
The reduction of nitrates to gaseous nitrogen compounds is known as denitrification. 
When nitrates are fully reduced to inert N2, denitrification effectively completes the Nitrogen 
Cycle, although several intermediaries occur during the process (Seinfeld and Pandis, 2006). 
NO3
- ® NO2
- ® NO + N2O ® N2     Reaction 1.5 
Denitrification is an anaerobic process, commonly performed by Bacillus, Paracoccus, 
and Pseudomonas bacteria (Madigan et al., 2009). This process can lead to detrimental effects in 
agricultural systems. When soils are saturated or standing water is present in fields, anaerobic 
conditions may favor denitrification. This can result in loss of fixed nitrogen from soils and 
reduced agricultural productivity. Additionally, when not fully reduced, the intermediate 
production of N2O and NO through denitrification can lead to global warming, atmospheric 
ozone depletion, and rainwater acidification (Madigan et al., 2009). 
1.2 Reactive Nitrogen 
The products of nitrogen fixation, both organic and inorganic, are known as reactive 
nitrogen (Nr) (Galloway et al. 2003). Natural biological fixation pathways were responsible for 
maintaining the balance between N2 and Nr in the environment in the pre-human era (Gruber and 
Galloway, 2008). Nr did not significantly accumulate in the environment prior to anthropogenic 
production because the rate of fixation was approximately equal to the rate of denitrification 
(Ayers et al. 1994). Nr includes inorganic chemically reduced forms of nitrogen (NHx) (e.g., NH3 
and NH4+), inorganic chemically oxidized forms of nitrogen (NOx, HNO3, N2O, N2O5, HONO, 
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peroxy acetyl compounds, and NO3-), as well as organic compounds (e.g., urea, amino acids, and 
proteins). 
1.2.1 Anthropogenic Production of Reactive Nitrogen 
In 2005, total global anthropogenic production of Nr was 187 Tg Nr/yr – more than a ten-
fold increase from Nr production in mid-19th century, and a 20% increase from the 156 Tg Nr/yr 
produced in 1995 (Galloway et al. 2008, Bouwman et al., 2002a). A primary driver for the 
increase in Nr production is the associated increase in the production of cereals and meat, rising 
by 20% and 26%, respectively, from 1995 – 2005 (Galloway et al. 2008; FAO 2014). Globally, 
Nr production rates vary across different regions, with Europe and North America having the 
highest per-capita rates. In 2002 the United States (US) produced 28.5 Tg Nr/yr, representing 
15% of global Nr production (USEPA SAB 2011). 
1.2.2 The Nitrogen Cascade 
Galloway (1998) described the movement and consequences of Nr through different 
environmental systems as the nitrogen cascade. Galloway’s nitrogen cascade provides a 
framework for understanding the environmental transport, ecosystem interaction, fate, and 
consequences of anthropogenic Nr. A modified depiction of the nitrogen cascade is presented in 
Figure 1.1 based on Galloway’s original work (1998) and further adaptations of his original 
presentation (Galloway et al. 2003; USEPA SAB 2011). The nitrogen cascade accounts for 




Figure 1.1: Depiction of the nitrogen cascade showing the interaction between different 
environmental systems with respect to anthropogenic Nr. Note: lines represent pathways between 
environmental systems and are not intended to link Nr species with specific effects, 
consequences, or reactions. (Figure developed from Galloway 1998, Galloway et al. 2003, and 
USEPA SAB 2011) 
Galloway et al. (2003) grouped anthropogenic Nr emissions into two broad categories: 
energy production and food production. Energy production typically introduces Nr as NOx and 
NHx to the atmosphere via direct emission. NHx and NOx have short atmospheric lifetimes (< 10 
days) and are readily able to accumulate and cycle within the troposphere (Galloway et al. 2003). 
N2O has a much longer lifetime (~100 years) and contributes to climate change and stratospheric 
ozone depletion (Reis et al., 2009; Vitousek et al., 1997). Because the atmosphere is limited in its 
ability to act as a reservoir for Nr, atmospheric Nr is primarily lost to terrestrial and aquatic 





















































atmosphere is limited, and primarily occurs through deposition and subsequent biological 
denitrification in the terrestrial and aquatic ecosystems (USEPA SAB 2011). 
The food production category represents contributions from commercial crop cultivation 
and animal feeding operations, resulting in emission of Nr to the terrestrial ecosystem as NHx 
(Galloway et al. 2003). The terrestrial ecosystem is further subdivided into agricultural, forest 
and grassland, and populated (urban) subsystems. Nr from food production is introduced to the 
agricultural subsystem and transferred to the populated system as food, where it is eventually re-
deposited into soils and the aquatic ecosystem through landfills and sewage (USEPA SAB 2011). 
The terrestrial ecosystem acts as a sink for Nr via atmospheric deposition and denitrification. Nr 
that is cycled through the terrestrial ecosystem can be transferred to the aquatic ecosystem via 
leeching, runoff, and direct discharge (Galloway et al. 2003). 
The aquatic ecosystem, encompassing surface freshwater, groundwater, coastal regions, 
and oceans is not subject to direct introduction of Nr by food or energy production. However, 
secondary effects such as atmospheric Nr deposition, leeching, and runoff from the terrestrial 
ecosystem lead to input of anthropogenic Nr to aquatic ecosystems. Nr can lead to acidification 
of freshwater and eutrophication of freshwater and coastal regions, resulting in biological 
imbalance within the ecosystem. (Galloway et al., 2003; USEPA SAB 2011). 
The Haber-Bosch process is an important component of the food production category and 
is responsible for nearly 65% of total anthropogenic Nr released to the environment (Galloway et 
al. 2008). The Haber-Bosch process accounted for production of 121 Tg Nr/yr in 2005, of which 
98 Tg Nr/yr was used in agricultural applications while the remainder was used for industrial 
applications (Galloway et al. 2008). While the utilization of the Haber-Bosch process to produce 
bioavailable nitrogen for agricultural purposes has reduced the stress on Nr-limited ecosystems 
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for food production, it is not without consequences and can lead to detrimental environmental 
effects (Galloway et al. 2008, USEPA SAB 2011).  
1.3 Atmospheric Ammonia 
While the use of nitrogen-based fertilizers for food production has improved the ability to 
cultivate crops in nitrogen-limited ecosystems, emission of NH3 from fertilized cropland results 
in adverse environmental effects (USEPA, 2011; Erisman et al., 2013). Global anthropogenic 
NH3 emissions nearly doubled from 1970 to 2005, increasing from 27.0 Tg NH3-N to 48.4 Tg 
NH3-N (Behera et al., 2013). Based on US Environmental Protection Agency (USEPA) National 
Emission Inventory (NEI) estimates, US totaled 3.7 Tg NH3-N of anthropogenic NH3 emissions 
in 2014 (USEPA, 2017). As a single nation, the US was the third highest contributor to global 
NH3 emissions behind China (11.1 Tg NH3-N) and India (5.5 Tg NH3-N) in 2005 (Behera et al., 
2013). NH3 is released to the atmosphere by a number of processes including fertilizer 
application, residential and industrial fuel combustion, livestock waste, industrial processes, and 
waste disposal (Bouwman et al., 2002a; Krupa, 2003; Allen et al., 2011, USEPA 2004). The 
relative contribution of each emission source varies regionally throughout the US. Estimated 




        
Figure 1.2: Source contribution of atmospheric NH3 emissions in the United States (left) and in 
Illinois (right) in 2014 based on USEPA National Emission Inventory (USEPA 2017). 
Natural emission sources of NH3 include volcanic activity, the sea surface, undisturbed 
soils, and wild animals. However, such sources are the minority contributor to atmospheric NH3, 
comprising only 20% of total global emissions (Behera et al., 2013). NH3 emissions from 
agricultural sources are dominant over natural emissions and are the largest contributor to global 
NH3 emissions (Allen et al., 2011; Bouwman et al., 2002b). In both the entire US and Illinois, 
fertilizer application and livestock waste – the two main agricultural emission sources – are 
together responsible for over 90% of total NH3 emissions. However, the relative contributions 
from these two sources vary between the US average and Illinois. Fertilizer application accounts 
for 28% of anthropogenic NH3 emissions in the US, and is regionally varied based on land use 
(USEPA, 2017). Illinois is one of the largest contributing states to US NH3 emissions (in the top 
five) accounting for 3 - 6% of total US anthropogenic emissions (depending on emission 
inventory source; Goebes et al., 2003; USEPA, 2017), where fertilizer application accounts for 
52% of anthropogenic NH3 emissions in Illinois according to NEI estimates (USEPA, 2017). 
Fertilizer use for agricultural production of corn was the predominant contributor to NH3 



















fertilizer application is the majority source of NH3 emissions in Illinois, it is important to 
understand the emission of NH3 from fertilized agricultural cropland within Illinois. 
1.3.1 Mean Atmospheric Concentration 
Mean atmospheric concentration of NH3 may vary by several orders of magnitude 
depending on the measurement location. In remote areas, atmospheric NH3 concentrations been 
reported as low as 0.035 µg m-3 at standard conditions (T = 21.1 °C, P = 101.353 kPa) 
(Alkezweeny et al., 1986; Lewin et al., 1986). Mean NH3 concentrations near metropolitan areas 
in the US with mobile and stationary combustion and industrial sources have been reported from 
1.11 – 1.64 µg m-3 (Allen et al., 2011; Myles et al., 2007; Edgerton et al., 2007). A two-year 
study in an agricultural area of Alberta, Canada observed atmospheric NH3 concentration 
between 1.5 – 2.0 µg m-3 (Legge et al., 1990a), although measurements were reported as high as 
11.9 µg m-3 (Legge et al., 1990b). Such fluctuations in agricultural areas are largely attributed to 
the application and subsequent volatilization of nitrogenous fertilizers (Legge et al., 1990b; 
Biermann et al., 1988). Atmospheric NH3 concentrations depend highly on wind velocity and 
direction, particularly in agricultural areas where concentrations can change from > 10 µg m-3 to 
trace or undetectable levels with a shift in wind velocity and/or direction (Biermann et al., 1988; 
Bouwman et al., 2002b). 
1.3.2 Environmental Fate 
NH3 is the most abundant alkaline trace atmospheric gas (Seinfeld and Pandis, 2006; 
Walker et al., 2006), with a lifetime of 1 to 5 days (Aneja et al., 2008). It reacts readily with 
sulfuric and nitric acid in the atmosphere to form ammonium containing PM: 
NH3(g) + H2SO4(l) ® (NH4)HSO4(l)     Reaction 1.6 
2NH3(g) + H2SO4(l) ® (NH4)2SO4(s or l)    Reaction 1.7 
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NH3(g) + HNO3(g) ® (NH4)NO3(s or l)     Reaction 1.8 
The short atmospheric lifetime of NH3 leads to higher deposition near the source when 
compared with ammonium aerosols, while ammonium aerosols exhibit longer lifetimes (1 – 15 
days) enabling deposition farther from the source location (Aneja et al. 2001). Gas-to-particle 
conversion is most effective in first 100 m height of the atmosphere (Lenhard and Gravenhorst, 
1980), and the highest concentration of NH3 is commonly observed close to the surface of the 
Earth (Ferm, 1998). NH3 is rapidly converted to ammonium-salt particles that typically exist as 
fine particulate matter (PM) with diameter ≤ 2.5µm (PM2.5). The rate of conversion varies 
diurnally, with faster conversion occurring during the daytime (Erisman et al., 1988). Fine PM 
can grow to larger diameter PM (> 2.5µm) (Aneja et al., 2008; Allen et al., 2011), contributing to 
local aerosol pollution as a significant driver of secondary aerosol formation (Wang et al., 2015). 
The Interagency Monitoring of Protected Visual Environments (IMPROVE) program 
monitors chemical speciation and emission sources that contribute to visibility degradation 
across the US. Concentration of ammonium sulfate (AS, (NH4)2SO4) and ammonium nitrate 
(AN, NH4NH3) are monitored in the IMPROVE program. Relative concentration of atmospheric 
AS and AN varies seasonally within the IMPROVE Central Great Plains (CGP) region, 
comprising parts of Illinois, Missouri, Kansas, Nebraska, South Dakota, Iowa, Minnesota, and 
Wisconsin (Hand et al., 2012). AS is the majority contributor to atmospheric PM during summer 
months, while AN is dominant in winter months in the CGP region. Dominance of AS in the 
summer months is attributed to favorable thermodynamic and meteorological conditions for 
sulfate formation, while AN is dominant in winter due to high relative humidity and cold 
temperatures favorable to formation of particulate AN (Hand et al., 2012; Kim et al., 2014).  
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NH3 that is not rapidly converted to ammonium PM is deposited to plant or soil surfaces 
via dry or wet deposition processes (Allen et al., 2011; Bouwman et al., 2002b; Sutton et al., 
1995). While runoff and leaching from agricultural fields are major contributors to Nr imbalance 
in the aquatic ecosystem, there is evidence that up to one-third of such occurs by atmospheric 
deposition of NH3 and NH4+ PM (Baumgardner et al., 2002; Castro et al., 2003; Aneja, 2008). In 
areas near coastal rivers and estuaries, this is of particular concern. In Paerl’s 1997 study, it was 
estimated that Nr introduced into North Carolina coastal waters by atmospheric deposition may 
contribute as much as 60% of total nitrogen loading. 
Recent measurements from the National Atmospheric Deposition Program (NADP) 
National Trends Network indicate inorganic wet N deposition is now dominated by reduced N 
(i.e., NH3 and NH4+; where oxidized N refers to HNO3 and NO3-) across the US (Li et al., 2016). 
Further, Li et al. estimate reduced N is dominant in total N deposition (wet plus dry) across most 
parts of the US. The Upper Midwest domain (containing central and northern Illinois) exhibited 
79% of total inorganic N deposition as dry deposition, with peak deposition occurring in spring 
and summer months (March through August), dominated by dry NH3 deposition. This region 
also exhibited the highest fractional and total reduced N contributions to total inorganic N 
deposition compared to the rest of the US, attributed to the prevalence of nitrogen-based 
fertilizer use in the region (Li et al., 2016).  
The variety of crops cultivated and differences in farming practices lead to an 
inhomogeneous distribution of NH3 emissions from agricultural ecosystems. Further, agricultural 
systems exhibit bi-directional exchange of NH3, meaning that NH3 exchange occurs in both 
directions between the biosphere and atmosphere (Sutton et al., 2011; Duyzer, 1994; Bouwman 
et al., 2002b). In addition to the mechanisms described previously, NH3 can be removed within a 
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plant canopy by absorption through leaf stomata (Wu et al., 2009) and to water on leaf surfaces 
(Nemitz et al., 2000a). While efforts have been made to model the bi-directional flux of NH3, 
quantitative measurements in agricultural ecosystems to provide model inputs and evaluate 
closure are not widely available due to the high reactivity of NH3 in the atmosphere and the 
variability associated with the bi-directional flux process (Phillips et al., 2004; Sutton et al., 
2001; Bouwman et al., 2002b). 
Urea ammonium nitrate (UAN) solution is commonly used as a synthetic nitrogen 
fertilizer in Illinois (UI, 2009). After application of UAN to bare soil, the urease enzyme (present 
in soils) catalyzes the hydrolysis of urea to NH4+ and, depending on weather conditions and soil 
properties such as temperature, moisture, and pH, part of the applied nitrogen volatizes as NH3 to 
the atmosphere (Fenn and Hossner, 1985). However, the use of N-(n-butyl)-thiophosphoric 
triamide (nBTPT) urease inhibitors can reduce NH3 emission in agricultural ecosystems. Urease 
inhibitors interact with the urease enzyme, temporarily reducing the activity of the enzyme, 
thereby limiting NH3 emission (Watson et al., 1994). Chadwick et al. (2005) reported reductions 
of NH3 emission from UAN ranging from 15 – 71% (44% average, n = 10) when nBTPT urease 
inhibitor was used on grasslands and cereal crops. 
1.3.3 Consequences of Excess Atmospheric Ammonia 
Because of its short atmospheric lifetime, many effects of NH3 emissions are secondary 
(Pinder et al., 2011). The formation of PM2.5 by reaction with acid gases is a relatively rapid 
result of NH3 emissions when compared with the transformational process of the Nitrogen Cycle 
resulting in secondary effects following nitrification/denitrification. Secondary PM containing 
aerosol is of regulatory interest due to adverse health effects (USEPA, 2011) and contribution to 
visibility degradation (Green et al., 2012). Deposition of NH3 or its secondary products can have 
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detrimental effects to plants depending on ecosystem characteristics and nutrient availability 
(Mattsson et al., 2008) and can alter the structure and diversity of plant communities (Krupa, 
2003). Dry and wet deposition of NH3 can promote soil acidification and exacerbate water 
quality and eutrophication problems in aquatic ecosystems (Erisman et al., 2013).  Further, 
volatilization of NH3 from fertilized agricultural fields to the atmosphere is a lost economic input 
(Conant et al., 2013). The USEPA SAB (2011) identified the following six major impacts of NOx 
and NH3 emissions: 
1. Decreased visibility 
2. Elevated ozone concentrations resulting in elevated greenhouse potential 
3. Human health impacts due to elevated ozone and PM concentrations 
4. Direct and indirect radiative forcing as a result of ammonium PM 
5. Decreased productivity of agricultural, forest, and natural ecosystems due to 
elevated ozone deposition 
6. Acidification, fertilization, and eutrophication caused by deposition of Nr 
1.3.4 Extent of Ammonia Concentration and Flux Measurements in the United States 
The NADP Ammonia Monitoring Network (AMoN) is a network of field measurement 
sites designed to quantify long-term trends in ambient NH3 concentrations and deposition of 
reduced nitrogen species (NADP, 2017a). Data from AMoN are intended for use in evaluating 
closure with atmospheric models, estimating total nitrogen inputs to ecosystems, assessing 
changes in atmospheric chemistry due to SO2 and NOx reductions, and assessing compliance 
with PM2.5 standards. The geographic extent of AMoN field sites in the US is depicted in Figure 
1.3. Also included in Figure 1.3 are all known measurement sites of NH3 flux in the US, 





Figure 1.3: Map of United States measurement sites for ambient NH3 concentration (small stars) 
from the National Atmospheric Deposition Program (NADP) Ammonia Monitoring Network 
(AMoN) and all reported measurements of NH3 flux in the United States (large stars).* 
Measurements of NH3 flux over agricultural canopies in the US are limited in geographic 
location and crop type. Studies include measurements over grassland (Myles et al., 2007; Myles 
et al., 2011), soybean (Walker et al., 2006), and corn (Harper and Sharpe, 1995; Meyers et al., 
2006; Walker et al., 2013). Despite the high fertilization rates and predominance of corn 
cultivation in the Midwest, only one study of NH3 flux over corn in this region exists (Harper 
and Sharpe, 1995). Harper and Sharpe reported measurements of NH3 flux in Nebraska using 24 
h to 48 h integrated samples. Though Nebraska and Illinois are located in the region defined as 
Midwest for census purposes, they belong to different climate regions, as defined in the National 
Climate Assessment (NCA) (USDOC-NOAA, 2013). Further, there are no reported 
                                               


















measurements over a corn canopy using exclusively UAN fertilizer – a common management 
practice in Illinois. Other studies of NH3 flux from corn canopies in the US have been reported 
for a site in North Carolina (Walker et al., 2013; He et al., 2013) and Maryland (Meyers et al., 
2006). Walker et al. (2013) studied NH3 fluxes during a 64-day period immediately after field 
fertilization, observing peak emissions and high variability in the first 31 days (339.2 ± 601.7 ng 
m-2 s-1) followed by a lower, less variable emission profile (61.4 ± 10.2 ng m-2 s-1). 
In addition to terrestrial measurements, several satellite measurement systems exist to 
quantify tropospheric NH3 concentration. Examples of such satellite-based observation systems 
include the Tropospheric Emissions Spectrometer (TES), the Atmospheric Infrared Sounder 
(AIRS), and the Infrared Atmospheric Sounding Interferometer (IASI), all of which are designed 
to quantify ambient NH3 concentration using a column based absorption measurement (Warner 
et al., 2017). The AIRS system provides global NH3 concentration, with a data record dating to 
2003, enabling characterization of locations of elevated NH3 concentrations (hotspots), as well as 
seasonal and spatial trends in concentration (Warner et al., 2017). Data from these satellite 
measurements were used by Warner et al. (2017) to identify increases of NH3 over the US, 
driven primarily by control of SO2 and NOx, an unintended secondary consequence on regulation 
of these species as contributors to acid rain. Limiting factors in the usefulness of satellite 
measurements are spatial density of observations and the applicability of column-based 
measurements to identify surface concentration of NH3. Even the relatively high spatial 
resolution of TES (5 x 8 km2 on the surface) would typically represent multiple different land 
uses for a single grid cell (Zhu et al., 2015). Since NH3 predominantly exists in the first 100 m of 
the atmosphere, a column-based measurement would still provide useful information to identify 




1.3.5 Current and Future Needs 
Successful SOx and NOx regulatory policies combined with increased use of nitrogen 
based fertilizers have led to an increased amount of NH3/NH4+ in the environment, as evidenced 
by a shift of inorganic nitrogen deposition in the US from oxidized to reduced nitrogen (Li et al., 
2016). However, further regulation of NOx and SOx may no longer be cost beneficial when 
compared with control of NH3 emissions to reduce atmospheric particulate matter concentration 
(Pinder et al., 2007). Improved understanding of NH3 emissions is important to more fully 
characterize the impact on the global Nitrogen Cycle and to develop targeted strategies for 
emission reduction and reduction in formation of secondary air pollutants (Flechard et al., 2013; 
Li et al., 2016). 
It is difficult to determine the contribution of NH3 to ecosystem degradation because of 
the uncertainty of total Nr deposition, caused by limited measurements of bi-directional NH3 flux 
(Mathur and Dennis, 2003; Beusen et al., 2008). Studies have indicated that atmospheric NH3 
may have a meaningful role in the development of such pollution. Indeed, the 2011 USEPA 
Science Advisory Board (SAB) report on reactive nitrogen in the US states: 
“…the EPA presumption that NH3 is not a PM2.5 precursor should be reversed 
and states should be encouraged to address NH3 as a harmful PM2.5 precursor.” 
Further, the SAB also recommended that direct measurements from production scale 
agricultural fields should be collected to better understand nitrogen fertilizer use efficiency 
(NFUE). NFUE is a measure of how well nitrogen fertilizer is utilized by the crop to which it is 
applied. Higher NFUE values indicate more efficient utilization of nitrogen-based fertilizers, 
thereby reducing the release of Nr from fertilized agricultural fields. According to the SAB, 
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measurements are required to identify which regions and crop systems are the largest 
contributors to atmospheric NH3 pollution. In turn, this will allow more focused development of 
policy to mitigate NH3 emissions and improve the value of investments in research and 
development (USEPA SAB, 2011). 
1.4 Turbulent Transport in the Atmosphere 
1.4.1 Structure of the Atmosphere 
The Earth’s atmosphere is composed of five different layers, presented here in order from 
ground level up: troposphere, stratosphere, mesosphere, thermosphere, and exosphere. The 
boundaries of the individual layers are defined based on the atmospheric temperature gradient. 
The bottom-most layer, known as the troposphere, is characterized by a reduction in temperature 
with increasing altitude. Depending on the reference location on the Earth’s surface, this 
negative temperature gradient may extend between 8 – 10 km in altitude, at which point a 
reversal of the gradient occurs and temperature increases with increased altitude, indicating the 
beginning of the stratosphere (Seinfeld and Pandis, 2006). A similar reversal occurs at the 
transition from the stratosphere to the mesosphere, and so on. Contrary to the varied temperature 
gradient at different altitudes, the change in atmospheric pressure with increasing altitude can be 
approximated as an exponential decrease (Jacob, 1999).  
The five layers of the atmosphere are traditionally divided into two larger classifications: 
the upper and lower atmosphere. The division between the upper and lower atmosphere occurs at 
the top of the stratosphere, an altitude of approximately 50 km depending on geographic location 
(Seinfeld and Pandis, 2006). This research is focused on processes that occur in the lower 




1.4.2 The Boundary Layer 
Within the troposphere a further subdivision can be made to define the atmospheric 
boundary layer (ABL). The ABL is roughly given as the lowest 1-2 km of the atmosphere, 
depending on localized conditions, and is capped by an inversion layer (Kaimal and Finnigan, 
1994). The ABL is the layer of the atmosphere which is most directly affected by the Earth’s 
surface and responds rapidly (< 1 h) to surface forcing (Stull, 1988). Differential heating and 
cooling of the surface by solar radiation results in the establishment of convective currents that 
transport air and pollutants throughout the ABL. Closest to the surface (tens of meters), the 
establishment of these convective pathways does not occur as readily, resulting in a highly 
turbulent regime which does not achieve steady state. This lowermost region of the ABL is 
known as the surface layer (Seinfeld and Pandis, 2006). 
Transport of pollutants (gaseous or particulate) through the atmosphere can occur 
between small (several meters) and large (several thousand meters) length scales. For the 
purposes of this research, the measurement of atmospheric transport within the surface boundary 
layer, at length scales of tens of meters, is of primary interest. This is conventionally referred to 
as “microscale” atmospheric transport, and the study of phenomena occurring at such scales is 
known as “micrometeorology” (Seinfeld and Pandis, 2006; Stull, 1988).  
1.4.3 Advective and Turbulent Transport 
The movement of atmospheric constituents and pollutants is driven by advective and 
turbulent fluxes. Turbulent fluxes are generally dominant over advective fluxes for vertical 
transport in the lower troposphere except during highly stable atmospheric conditions. For 
horizontal transport the opposite case holds where advective fluxes are the dominant means of 
transport (Jacob, 1999). Surface transport by winds can be divided into three subcomponents: 
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mean wind, waves, and turbulent eddies (Stull, 1988). The frequency of fluctuations in surface 
transport varies for each component, with mean wind having the slowest frequency of 
fluctuations, followed by waves, and finally turbulence with the highest frequency of 
fluctuations. A representation of surface transport composed of these subcomponents is 
presented in Figure 1.4 (Kaimal and Finnigan, 1994). 
 
Figure 1.4: Depiction of bulk surface transport (large arrow) comprised mean wind, waves, and 
turbulent eddies (smaller arrows within large arrow, adapted from Kaimel and Finnigan, 1994). 
Eddies vary in size and energy, with higher energy larger eddies typically occurring 
further from the Earth’s surface (Kaimal et al. 1972). Given a stationary sampling point, the wind 
direction will change in three dimensions as eddies pass. Generally, eddies that contribute to 
scalar fluxes have a frequency of 5 Hz or less, although this frequency is dependent on 
measurement height (Kaimal and Finnigan, 1994; Bowling et al. 1998). Turbulent eddies within 
the surface layer are responsible for the microscale vertical transport of PM and trace gases 
toward and away from the surface. As such, an understanding of the turbulent movement within 





Atmospheric stability is determined by a comparison of the environmental and adiabatic 
lapse rates, where the environmental lapse rate is the actual rate of temperature change within the 
atmosphere and the adiabatic lapse rate is the vertical rate of temperature change of an adiabatic 
parcel of air. Using such variables, it is possible to determine if a parcel of air displaced from its 
original position will continue to move in the direction of displacement (unstable conditions), 
return toward its original position (stable conditions), or remain at the position to which it was 
displaced (neutral conditions) (Jacob, 1999; Seinfeld and Pandis, 2006). 
The stability of the atmosphere is most commonly estimated using the Pasquill Stability 
Class method. This method allows for the estimation of stability class based on solar radiation 
(during the day), cloud cover fraction (during the night), and near-surface wind speed, typically 
measured at 10 m above the ground. Pasquill’s method allows for six stability classes: extremely, 
moderately, or slightly unstable, neutral, and slightly or moderately stable (Seinfeld and Pandis, 
2006). 
Atmospheric stability can also be determined experimentally by the method proposed by 
Obukhov in 1946, and further expanded by Monin and Obukhov in 1954. The Monin-Obukhov 
length, L, is the height above the ground at which mechanical shear forces and buoyant forces 
contribute equally to the production of turbulence in the atmosphere (Kaimal and Finnigan, 
1994; Seinfeld and Pandis, 2006). Below the Monin-Obukhov length, shear forces dominate 
turbulence production. Buoyant forces are predominant above height L. The Monin-Obukhov 








where overbars indicate time averaging, M∗ is friction velocity, (̅ is mean potential temperature, k 
= 0.4 is the von Karman constant, g is acceleration due to gravity, and K∗ is the scaling 






where primes denote deviations from the mean and w is the wind velocity component in the 
vertical direction. It is useful to define the three-dimensional (3D) wind velocity components u, 
v, and w, along the orthogonal axes x, y, and z, representing streamwise, lateral, and vertical wind 





where 1A is a measurement height within the surface boundary layer (commonly 10 m) and 1D is 
the surface roughness length (Seinfeld and Pandis, 2006). 
The Monin-Obukohv length must be determined experimentally from field 
measurements, made at height zm. According to Monin and Obukhov’s 1954 hypothesis, the 





A negative value for the stability parameter indicates an unstable atmospheric condition, while a 
positive value indicates a stable atmosphere (Leuning, 2000). 
1.5 Micrometeorological Turbulent Flux Measurements 
To respond to the need identified within the literature and by the USEPA SAB (2011) to 
better understand the bi-directional exchange of NH3 from agricultural crop production, it is 
necessary to measure NH3 flux over agricultural cropland. Limited measurements of NH3 
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emissions restrict the ability to evaluate closure between measurements and models used to 
simulate NH3 exchange between the atmosphere and Earth (Balasubramanian et al., 2017) and 
the direct and indirect effects of such emissions (Myhre et al., 2013, Appel et al., 2011). Existing 
models (Bash et al., 2010) and measurements using accumulation methods (Myles et al., 2011; 
Walker et al., 2013) suggest that NH3 emissions are not temporally uniform and are influenced 
by local environmental conditions that can change on the order of minutes. 
Measurement of NH3 flux to the atmosphere is challenging because NH3 is readily 
absorbed by water and is reactive with acidic species in the atmosphere (Sutton et al., 2007). 
Further, NH3 and NH4+ often exist simultaneously in the gaseous, particulate, and aqueous 
phases, where partitioning varies with environmental conditions such as temperature and relative 
humidity (Norman et al., 2009). This has led to the development of many different NH3 flux 
measurement techniques, including enclosure and micrometeorological methods (Norman et al., 
2009).  
Micrometeorological flux measurement methods include mass balance (Denmead et al., 
1977), the flux-gradient (FG) method (Duyzer, 1994), eddy flux/eddy covariance (EC) 
(Baldocchi et al., 1988), the modified Bowen ratio (Walker et al., 2006), eddy accumulation 
(EA) (Desjardins et al., 1972), and relaxed eddy accumulation (REA) (Businger and Oncley, 
1990). When compared to enclosure methods for quantifying flux, micrometeorological methods 
have the advantage that they capture spatially averaged land–atmosphere gaseous exchange over 
large areas (> 100 m2) without altering ambient conditions (Sommar et al., 2013). EC and FG 
approaches require the availability of a precise (± 10% precision), fast-response (> 10 Hz) 
sensors to measure the constituent of interest (e.g., NH3 concentration, Phillips et al., 2004). The 
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EA and REA methods are attractive for the quantification of NH3 fluxes because they do not rely 
on fast-response sensors to measure NH3 concentration (Myles et al., 2011). 
Many reported measurements of NH3 flux from agricultural crop systems rely on 
chemical adsorption and/or accumulating methods to quantify flux, resulting in temporal 
resolution of hours or days (Myles et al., 2007; Walker et al., 2013). The mass balance method 
has been used to measure NH3 flux from agricultural fields (Denmead et al., 1977). However, it 
is not straightforward to use in practice, as accurate measurements require that sampling 
equipment be placed in the center of a circular plot, which is not commonly available in 
production scale agricultural fields (Baldochi et al., 1988).  
Low concentrations of NH3 previously observed at agricultural sites (i.e., as low as 0.3 
µg m-3 two weeks after fertilization; Walker et al., 2013) limit the suitability of fast-response 
detectors due to detection limits (0.10 µg m-3 NH3 at 10 Hz with total accuracy of 0.14 µg m-3 
NH3 ± 10 %; Miller et al., 2014). The FG method can yield sub-hourly temporal resolution of 
NH3 flux and has been used to measure NH3 fluxes over unfertilized agricultural fields (Myles et 
al., 2011) and a variety of fertilized crops including grassland (Spindler et al., 2001; Sutton et al., 
2001; Milford et al., 2009), corn (Harper and Sharpe, 1995), triticale (Loubet et al., 2012), and 
wheat (Personne et al., 2015). However, measurements at sub-hourly timescales have not been 
previously reported for typical agricultural practices in the Midwest.  
Recent advances have resulted in several demonstrations of fast-response, closed EC 
methods for measuring NH3 flux from cattle feedlots (Sintermann et al., 2011; Ferrara et al., 
2014). However, such methods are limited by reactivity of NH3 in sample lines and inlets, 
thereby affecting their high-frequency response and resulting in underestimation of NH3 flux 
(Ferrara et al., 2014). Open-path EC methods are a promising alternative to improve fast-
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response measurement as they avoid the potential interference from sampling lines. Such a 
method was used for measurement of NH3 flux at cattle feedlots, with a limit of detection for 
NH3 flux of 1.3 ± 0.5 ng m-2 s-1 over a 30 min average (Sun et al., 2015). However, the exposed 
optics make long-duration measurement (i.e., > 1 day) in an open agricultural field challenging 
due to fouling of the optical cell by airborne dust and insects (Miller et al., 2014). 
Meyers et al. (2006) and Walker et al. (2013) reported measurements of NH3 collected 
above corn canopies using REA and the modified Bowen ratio, respectively. In both cases the 
researchers observed that the first month following fertilizer application exhibited the most 
dynamic variation of magnitude and temporal emission of NH3. Walker et al. observed that total 
NH3 emissions were consistent with emission factors for UAN solutions with urease inhibitors, 
but that the temporal emission profile – characterized by two large emission pulses – may not be 
well represented by current soil process models.  
Improved temporal resolution of measurements during the early crop growing season are 
needed to better understand the variability of NH3 emission and to quantify the benefit of urease 
inhibitors on reducing NH3 volatilization at the field scale. Further, existing process-based 
models to describe surface-atmosphere exchange of NH3 at sub-hourly timescale require field-
scale measurements at similar timescales for closure evaluation (Génermont and Cellier, 1997; 
Personne et al., 2009; Garcia et al., 2012). Walker et al. (2013) suggested that existing NH3 
models may be least suited to accurately predict emissions during the first month after crop 
fertilization, when emission intensity is highest and most variable. 
1.5.1 The Conservation Equation and Eddy Flux 
Micrometeorological flux measurement techniques are based on the conservation 
equation, stating that the rate of change of a constituent of interest at a fixed point is in 
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equilibrium with advection, turbulent convergence or divergence, molecular diffusivity, and any 


















` + c + d 
   Equation 1.5
where the left-hand side represents the time (t) rate of change of the concentration of a chemical 
constituent (C) and the right-hand side is the sum of the mean horizontal and vertical advection 
(first bracketed term), mean horizontal and vertical divergence or convergence of turbulent flux 
(second bracketed term), molecular diffusion (D), and the source or sink contribution (S). Flux 
convergence is defined as the accumulation of the constituent of interest in a control volume 
because the flux entering the control volume is greater than the flux leaving the control volume. 
Flux divergence is the opposite case. 
As described by Baldocchi et al. (1988), by applying the following five assumptions: 
1. Uniform and level surface 
2. Uniform air density 
3. No sources or sinks above the surface 
4. Turbulent flux is dominant of molecular diffusivity 
5. Mean turbulent covariance is constant within the surface layer 
Equation 1.5 can be arranged to describe the mean turbulent flux of material over an area: 
G, ≈ 	N′4′,,,,,,  Equation 1.6
where the mean vertical turbulent flux of a constituent of interest, G,, is approximated by the 
mean covariance of instantaneous vertical wind speed and concentration. Flux is directed 
downward when G, < 0, and is directed upward when G, > 0. Equation 1.6 is key in 
micrometeorological measurements and describes in general terms the classical formula for the 
mean vertical turbulent flux, or “eddy flux,” of any constituent of interest that can be accurately 
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measured at > 10 Hz (Burba, 2013). It is applied in many different scenarios and forms the basis 
for calculating the instantaneous flux of gases such as CO2, CH4, and NO2, as well as determining 
sensible and latent heat flux and evapotranspiration.  
It is important to note that while Equation 1.6 provides a simplified method for 
determining vertical turbulent flux of many constituents of interest, the assumptions required to 
arrive at this simplified equation introduce inherent measurement error. Such errors have been 
reported on the order of 10 to 20%, depending on the particular situation and geophysical 
environment (Wesley and Hart, 1985). Therefore, considering the specific geophysical 
characteristics of an experimental site is important in successfully measuring eddy flux (Burba, 
2013). Further, the assumption that no sources or sinks exist above the surface means that this 
approach can only be used to measure mean fluxes above a plant canopy, and cannot be used to 
elucidate source and sink distribution within the canopy. 
1.5.2 Eddy Accumulation 
Desjardins (1972; 1977a; 1977b) first proposed a method that allowed for the use of 
slower response or accumulating detection methods in combination with high-speed 3D wind 
velocity measurements to calculate mean eddy flux. From Equation 1.6, the instantaneous 
vertical flux, G5678, at a given point is: 
G5678 = N567845678  Equation 1.7
where the subscript “inst” refers to “instantaneous” measurements having measurement 
frequencies of at least 10 Hz. Desjardins expanded this expression by introducing a term, N, that 
represents the number of times an air parcel travels upward or downward across an arbitrary 









By summing and averaging the updraft and downdraft components, where the updraft 
component is positive and the downdraft component is negative, the total mean flux through 














where 4n↑ is the concentration during discrete updraft events k = 1 to upward N (N↑) and 4H↓ is 
the concentration during discrete downdraft events j = 1 to downward N (N↓). 
Desjardins’ EA method is useful when there is a need to measure trace atmospheric gases 
for which instantaneous sampling equipment is not available. High frequency measurements of 
vertical wind direction by a sonic anemometer are used to identify updrafts and downdrafts. 
Desjardins (1977a) proposed the use of two sampling “reservoirs” – one for samples collected 
during updrafts and a second used during downdrafts. In this method, a logic circuit analyzes 
data from the vertical anemometer in real time and switches the collection reservoir based on 
vertical wind direction. Flow rate to each sampling reservoir is maintained proportional to 
vertical wind velocity so that at the end of sampling the concentration in each reservoir is 
proportional to N↑4,,,,,, and N↓4,,,,,, where N↑,,,, and N↓,,,, are mean vertical wind velocity during updrafts 
and downdrafts, respectively (Businger and Oncley, 1990). 
While the EA method is conceptually attractive, it is difficult to implement in practical 
field applications (Businger and Oncley, 1990). Hicks and McMillen (1984) performed a 
numerical analysis of the EA method and observed that a number of technical challenges exist in 
its implementation, particularly with respect to the high level of accuracy required in the 
calculation of N↑4,,,,,, and N↓4,,,,,, (Businger and Oncley, 1990). The need to actively adjust the 
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collection reservoir flow rate to be proportional to vertical wind speed is technically complex and 
difficult to implement in the field (Businger and Oncley, 1990). 
1.5.3 Relaxed Eddy Accumulation 
Recognizing the potential benefit of the EA method, Businger (1986) suggested that a 
“relaxation” of the method could allow for real-world implementation and reduce the technical 
challenges associated with the method. Businger and Oncley (1990) provided the framework for 
a simplification of Desjardins’ EA method. By incorporating a calibration coefficient, Businger 
and Oncley were able to effectively eliminate the need for proportional updraft and downdraft 
sampling rate required by the EA method, resulting in the practical approach known as REA. 
Relaxation of the EA method simplifies the approach by using the statistical REA 
coefficient, ', in place of proportional sampling. This allows for a constant flow rate to the 
collection reservoirs when actuated, reducing the technical difficulty of implementing the 
method. With this simplification, the method only requires mean concentration for the updraft 
and downdraft reservoir, 4↑,,, and 4↓,,,, respectively. Implementing these simplifications, the mean 
vertical flux can be calculated: 
G, = N′4′,,,,,, = '-/r4↑,,, − 4↓,,,s Equation 1.10
where -/ is the standard deviation of the vertical wind velocity. The REA coefficient was first 
proposed by Businger and Oncley (1990) and fully derived by Baker (1992) using a linear 
regression and the biserial correlation method of Pearson (1909) and Treloar (1942). Baker 
(1992) demonstrated that the REA coefficient was a statistical parameter derived from the 
relative probability of two statistical classes: updraft and downdraft sampling conditions. The 
theoretical expectation of ' is 0.627 when the probability density function follows an ideal 
Gaussian frequency distribution and the relationship between turbulent fluctuations of w and 
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transport of the constituent of interest is linear (Sakabe et al., 2014). This is in agreement with 
observations by Businger and Oncley (1990) and others (described below) that ' ≈ 0.6 through 
most of the convective boundary layer.  
Further theoretical and experimental studies have found that ' can vary significantly 
even at a single site. Meyers et al. (2006) reported values ranging from 0.32 – 0.98 during a 35-
day study over a single fertilized corn canopy. Others (Pattey et al., 1993; Gao, 1995; Milne et 
al., 1999; Ammann and Meixner, 2002) have reported many intermediate values within the range 
of 0.52 (Andreas et al., 1998) to 0.62 (Katul, 1994). These results demonstrate that a fixed value 
of ' cannot be defined and ' therefore needs to be calculated for each experiment. Further, 
Sakabe et al. (2014) recommend that changes in atmospheric stability should also be considered 
when calculating the REA coefficient to minimize errors. 
It is known that ' is dependent on the atmospheric stability parameter, defined previously 
in Equation 1.4 (Sakabe et al., 2014). Because ' is dependent on the proportion of updraft and 
downdraft velocities, atmospheric stability at the time of measurement may impact the calculated 
value of	' (Gao, 1995). To increase the updraft and downdraft concentration difference and to 
reduce the switching frequency of the valves, the use of a “dynamic deadband” was proposed 
(Bowling et al., 1999). In practice, the deadband is a dynamic value that must be exceeded by the 
absolute value of the up or downdraft velocity to trigger valve switching (Grönholm et al., 2008). 
The deadband is referred to as “dynamic” because it is continuously recalculated during an 
experiment as a function of -/. 
In practice, ' is determined by calculation from measurements of flux of another scalar, 
such as temperature or water vapor, which can be measured with fast response instruments 
(Oncley et al. 1993; Bowling et al., 1998). This method relies on spectral similarity, an 
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assumption that the surrogate scalar is transported by the same turbulent updrafts and downdrafts 
that transport the constituent of interest (Wyngaard and Coté, 1972; Bowling et al., 1999). Using 






where N′K′,,,,,, is sensible heat flux, G:,,,, and K↑,,, and K↓,,, are the mean temperature of updrafts and 
downdrafts, respectively. Such measurements can be readily obtained using a 3D sonic 
anemometer at frequencies > 10 Hz to determine ' for a specific experimental scenario. Katul et 
al. (1996) calculated ' using the surrogate fluxes of H2O, O3, and CO2 and observed that the 
associated difference in the flux calculated using REA when compared to that calculated using a 
traditional EC method were 2.3, 3.3, and 3.9%, respectively. Therefore, it is understood that the 
representative surrogate scalar used in the determination of ' does not have a significant impact 
on resultant REA-based flux measurements (Katul, et al., 1996; Bowling, 1998). 
REA has been used for analysis of many different compounds including isoprene 
(Bowling et al., 1998; Zhu et al., 2000; Graus et al., 2006), monoterpenes (Christensen et al., 
2000), volatile organic compounds (Park et al., 2010), particulate sulfate (Myles et al., 2007) and 
NH3 (Zhu et al., 2000; Myles et al., 2007). Depending on the constituent of interest, different 
collection reservoirs and analysis techniques are used. Results have been reported using Tedlar, 
Teflon, and Curlam bags, denuders with different coatings, and various types of solid adsorbents 
(Bowling et al., 1998). Further, the REA method has been evaluated against the more direct EC 
method of flux measurement and has been observed to have suitable accuracy (within 5%) when 
measuring surface-air exchange fluxes of CO2 (Pattey et al., 1993) and biogenic volatile organic 
compounds (Gallagher et al., 2000). 
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Reported measurements of bi-directional NH3 flux using REA are limited in the 
literature. Zhu et al. (2000) described the first use of REA for quantifying NH3 flux above a corn 
canopy using denuders as the sampling reservoir. They reported that the method was suitable for 
this purpose, and observed that NH3 fluxes were closely correlated with incoming radiation. 
Further field campaigns using REA to quantify NH3 flux were reported in several different 
regions and land uses including a wastewater treatment plant tertiary sprayfield in Syndey, FL 
(Myles et al., 2007) and fertilized grassland in Braunschweig, Germany (Hensen et al., 2009). 
1.5.4 Flux Footprint 
When implementing a flux measurement method, the measurement location must be 
carefully considered to ensure that collected data accurately characterize the environment of 
interest. An air parcel containing concentration C is emitted from the surface and transported 
both horizontally and vertically until it reaches a discrete measurement location. The distance of 
horizontal transport from the point of emission to the point of measurement is referred to as the 
fetch distance, xf. Fetch is a function of surface roughness, measurement height, and 
meteorological conditions (Burba, 2013). A general rule of thumb for evaluating the suitability 
of a measurement plot is to use a 100:1 ratio of fetch to measurement height (Businger, 1986). 
Although this is often used for estimating maximum fetch, theoretical evaluation by Leclerc and 
Thurtell (1990) suggests that the rule of thumb can underestimate maximum fetch during highly 
stable atmospheric conditions and over smooth surfaces (Hsieh et al., 2000). 
While fetch represents the horizontal distance traveled by a particular air parcel, it is also 
useful to quantify the total area that contributes to an integrated flux measurement. Theoretical 
calculation of this area, known as the flux footprint, is used to estimate the total area that 
contributes to a flux measurement. The cumulative flux contribution observed from horizontal 
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upwind distance x at measurement height zm is known as the cumulative flux footprint, v(], 1A), 








where A and P are model-specific similarity constants and zu, is a characteristic model length 
scale derived from the Monin-Obukhov length, L, and x. The upwind distance that contributes 





Cumulative flux footprint is typically reported as percentage contribution of total 
measured flux from distance x. An example graphical representation of flux footprint is 
presented in Figure 1.5 as both cumulative flux contribution (top) and percentage of flux 
contributed at each upwind distance (bottom). Figure 1.5 is provided for clarity in describing flux 
footprint and is not specific to this experiment (note: this figure should be understood only as an 




Figure 1.5: Example plots of cumulative (top) and relative (bottom) flux contribution as a 
function of upwind distance x. 
As observed from the top plot in Figure 1.5, the 70% flux footprint distance is 55 m, 
meaning that 70% of the total measured flux originated from within a radius of 55 m of the 
measurement location; the peak upwind contribution distance, xpeak, is 25 m. The area under the 
curve of the bottom plot in Figure 1.5, when integrated from zero to infinity, will yield 100%.  
1.6 Modeling Biosphere-Atmosphere Ammonia Exchange 
Characterizing spatial and temporal heterogeneity associated with NH3 fluxes from 
chemical fertilizer application under various environmental conditions is essential for 
development of representative emissions inventories for air quality modeling (Appel et al., 
2011). While flux measurements can support such efforts, measurement studies are 












































al., 2013). It is therefore important to develop NH3 emission models and utilize limited 
measurement data to evaluate closure between model and measurement results. 
Different modeling approaches have been developed to estimate NH3 emissions and 
fluxes from agricultural cropland. Temporal variability of flux has previously been estimated 
using a coupled approach with approximate historical planting and harvesting dates with average 
values for fertilizer application and field management practices (Goebes et al., 2003). Shorter 
time scale (< 1 day) variability is estimated using with empirical relationships of hourly 
temperature and wind speed (Gyldenkærne et al., 2005), inverse modeling approaches (Paulot et 
al., 2014), and semi-empirical (Cooter et al., 2012) or process models (Balasubramanian et al., 
2015).  
Process-based models estimate NH3 emission or flux by simulating the underlying 
biogeochemical processes that regulate the biosphere-atmosphere exchange of NH3. Examples of 
process-based models include SURFATM-NH3 (Personne et al., 2009), which simulates the bi-
directional exchange of NH3 with vegetation, Volt’air-NH3 (Génermont and Cellier, 1997; 
Garcia et al., 2012), which simulates NH3 fluxes from bare soil, and the DeNitrification 
DeComposition (DNDC) model (Li et al., 1992), which simulates NH3 fluxes from 
agroecosystems. Such models can be implemented for a variety of environmental conditions, and 
are well suited to upscaling of emission from site to regional scale (Cuddington et al., 2013). 
DNDC was originally developed to simulate the evolution of CO2, N2O, and N2 in 
agricultural soils and predict the subsequent emission of gaseous N2O to the atmosphere (Li et 
al., 1992). The model has since been further developed to include methods for predicting NH3 
flux based on spatially and temporally distributed biogeochemical processes in the 
agroecosystem (Li, 2000). At the site scale, DNDC has been used to study impact of crop-
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rotation and tillage on crop yields (Farahbakhshazad et al., 2008), greenhouse gas fluxes 
(Gopalakrishnan et al., 2012), NH3 fluxes from fertilized cropland (Balasubramanian et al., 2015, 
2017), and nitrate leaching into water bodies (David et al., 2009).  
DNDC uses six submodels to predict biogeochemical processes: soil climate, crop 
growth, decomposition, denitrification, nitrification, and fermentation (Gilhespy et al., 2014).  
Each submodel has specific required input parameters that can be user supplied (Gilhespy et al., 
2014). If no input parameters are supplied, the model will use default values in many cases. 
Because it is capable of accounting for local weather and soil conditions, the use of DNDC for 
estimating NH3 flux from fertilized cropland to the atmosphere may provide improved temporal 
estimates when compared to other modeling approaches. 
1.7 Research Objectives and Significance 
The overall goal of this research is to increase understanding of NH3 emissions from 
intensively managed agricultural ecosystems in the Midwest US. Specifically, my contributions 
to this goal are divided into three objectives, which are described more fully below: (1) 
quantification of NH3 emissions over a corn canopy in Central Illinois using REA; (2) inter-
comparison of 4 h NH3 flux measurements using REA with 0.5 h measurements from an FG 
system; and (3) evaluation of closure with DeNitrification DeComposition modeling estimates of 
NH3 emissions using field measurements – specifically, quantifying flux of NH3 in a spatially 
inhomogeneous study domain (i.e., a domain with variation in crop type and field management 
practices). 
My work is part of a broader field of research on emission, fate, and transport of NH3 at 
the biosphere-atmosphere intersection, broadly separated into four major research themes: (1) the 
effect of NH3 on the global Nitrogen Cycle (Appel et al., 2011; USEPA SAB, 2011); (2) the role 
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of NH3 in formation of secondary pollutant aerosols and other adverse environmental effects (Li 
et al., 2016; Bullard et al., 2017); (3) field-scale measurements and new methods to quantify 
atmospheric NH3 concentration and bi-directional flux (Walker et al., 2013; Miller et al., 2014; 
Sun et al., 2015); and (4) development of improved NH3 emission models, including bi-
directional flux modeling (Pleim et al., 2013; Flechard et al., 2013; Balasubramanian et al., 
2015). Together, this field of research seeks to better understand the role and impact of NH3 in 
the environment and provide data to inform future regulatory and mitigation strategies. 
1.7.1 Objective 1: Measurement of Season-Long Ammonia Emissions using Relaxed 
Eddy Accumulation 
Walker et al. (2013) stated that new measurements are needed to better understand the 
biosphere-atmosphere exchange of NH3. Consistent with the need identified by the USEPA SAB 
(2011), Walker et al. specifically called for field measurements throughout the duration of the 
growing season – with particular focus on the period from planting until peak leaf area index 
(LAI). Objective 1 addresses this need through a season-long field campaign to measure NH3 
flux above an experimental field plot planted with corn during 2014. This objective provides 
results important to more fully understand NH3 emissions by characterizing the temporal 
variability of emissions throughout the season. Objective 1 is comprised of four sub-objectives. 
1.7.1.1 Objective 1a: Design and validate REA system for the field campaign 
Prior to the intensive field campaign described in Objective 1b, a REA measurement 
system was designed and assembled at the Illinois State Water Survey (ISWS) and tested at the 
Illinois Climate Network (ICN) site on the ISWS campus to provide quality assurance of the 
experimental setup and to mitigate issues that could result in bias, errors, or data loss. Initial 
troubleshooting was completed and all instruments and sensors were calibrated against standard 
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methods or ICN data collected at the same site. Because this research seeks to measure NH3 flux 
immediately after planting through the duration of the season, it was important to have all 
troubleshooting completed before the growing season began. Objective 1a is important for 
proper quality control to confirm that all software and hardware was correctly calibrated and 
working prior to the field campaign.  
1.7.1.2 Objective 1b: Measure NH3 Flux at the Energy Farm using REA 
Using the REA method, 4 h mean atmospheric NH3 concentration and bi-directional NH3 
flux were measured over a fertilized corn field in Central Illinois for the duration of the 2014 
corn-growing season. These data were used to develop a better understanding of NH3 exchange 
throughout the corn-growing season, focusing particularly on the period from planting to peak 
LAI, identified by Walker et al. (2013) as an under-measured period of crop development. 
Objective 1b represents the first study of above-canopy NH3 flux from an intensively managed 
corn field in the Midwest US for the duration of the corn-growing season and provides new data 
describing the temporal variation of NH3 flux. 
1.7.1.3 Objective 1c: Develop Footprint Correction Method for Integrated Flux 
Measurements 
Micrometeorological flux measurement methods rely on the assumption of spatial 
homogeneity across the measurement footprint (Baldocchi et al., 1988). However, localized 
factors such as soil pH, soil moisture, and crop type have been shown to effect NH3 flux from 
agricultural ecosystems (Bennett et al., 2013). Fast-response micrometeorogolical methods 
account for this by excluding data where the measurement footprint exceeds an area of relative 
homogeneity (e.g., when multiple crop types contribute to a measured flux). However, the 
process of excluding data is not straightforward with accumulating methods such as REA 
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because a single data point may represent multiple measurement hours. Further, accumulating 
measurement methods typically result in fewer data (e.g., one 4 h accumulating measurement is 
equivalent to 144,000 10 Hz measurements over the same time period), meaning exlusion of a 
single accumulated measurement is a larger loss relative to the overall data set. Hence, methods 
to quantify uncertainty and correct accumulating measurements due to an inhomogenous study 
domain are important. Objective 1c presents new methods for quantifying the relative 
contributions from multiple, different agricultural fields, in accumulated flux measurements due 
to an inhomogenous study domain and for correcting such measurements with a coupled 
measurement-model approach. 
1.7.1.4 Objective 1d: Comparison of NH3 Flux Results in Central Illinois with Other 
Studies 
Because the spatial extent of NH3 flux measurements is limited (Section 1.3.4), it is 
important to compare new flux measurements with the limited results presented in the literature. 
As previously mentioned, there is only one study of NH3 flux over a corn canopy where 
measurements are reported for the period immediately after fertilization through full canopy 
development (Walker et al., 2013). The study plot used by Walker et al. was located in North 
Carolina and differed from common field-management practices in Illinois. Specifically, the 
study plot in Walker et al. was fertilized twice, once before and once after planting, as compared 
to a typical Illinois farm-management practice of a single fertilizer application immediately 
before planting. Objective 1d compares NH3 flux measurements in Central Illinois with 
measurements by Walker et al. to investigate the effect of different field management practices. 
This objective helps to inform future NH3 flux measurements and to understand the spatial extent 
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of NH3 flux measurements required to adequately evaluate emission inventories and NH3 flux 
models. 
1.7.2 Objective 2: Inter-comparison of Relaxed Eddy Accumulation and Flux-
Gradient Measurement Methods 
Comparative studies of measurement techniques are important to understand the benefits 
and limitations of different methods (von Bobrutzki et al., 2010). The REA system described in 
Objective 1 was operated concurrently with an FG system, designed and operated by the 
National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory 
Atmospheric Turbulence and Diffusion Division (ATDD). The FG system measures NH3 flux in 
0.5 h averaging intervals, while REA averages over a 4 h interval. Objective 2 represents the first 
comparative study of NH3 flux above a fertilized corn canopy in the US as measured by 
concurrent use of a REA and a FG system and is comprised of two sub-objectives. 
1.7.2.1 Objective 2a: Quantify NH3 Flux using the FG Method* 
Objective 2a represents the first implementation of the FG method to quantify NH3 flux 
over a corn canopy in Central Illinois. This objective is important because it provides new, 
higher temporal resolution (0.5 h) measurements of NH3 flux that are required to evaluate 
process-based models describing NH3 flux from agricultural ecosystems, such as Volt’Air-NH3 
                                               
* A brief note on my specific contributions to objective 2a: NOAA designed and constructed a 
FG system to quantify NH3 flux at the Energy Farm during the 2014 corn-growing season. I 
provided significant technical and field support to deploy and operate the FG system during the 
season. NOAA completed all initial calculations of NH3 flux using the FG system before 
providing data to me. I worked closely with NOAA colleagues on data quality and we 
collaboratively developed the flux data set presented here. All subsequent analysis is my own. 
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and SURFATM-NH3. Further, this objective provides the first reported measurement of diurnal 
NH3 flux over a corn canopy in the Midwest. 
1.7.2.2 Objective 2b: Inter-compare REA and FG Measurement Methods 
Measurements using the REA and FG methods were inter-compared and evaluated for 
closure based on the methods of previous measurement inter-comparisons presented in the 
literature (VonBobrutzki et al., 2010; Walker et al., 2013). Results were compared to investigate 
agreement between maximum emission and timing, overall pattern of NH3 flux, and observed 
flux variability. An analysis of cost and complexity for both measurement methods was 
performed. Objective 2b provides new data comparing NH3 flux measurements at a single site 
using 0.5 h and 4 h temporal resolution. Such data are important to understanding the temporal 
extent of measurements required to capture features of biosphere-atmosphere NH3 flux profiles 
and guide future measurement and model developments. 
1.7.3 Objective 3: Evaluation of Closure Between DeNitrification DeComposition 
Model for NH3 Flux and Relaxed Eddy Accumulation Measurements* 
There is a need for increased measurement of fine resolution (1 km radius) NH3 
emissions combined with collection of ancillary data to improve the accuracy of emission 
estimates for air quality models (Cooter et al., 2010; Flechard et al., 2013). Validation of 
emission models has been identified as a research need to improve air quality models (Sutton et 
al., 2007). Objective 3 addresses both of these needs by using NH3 flux measurements, coupled 
                                               
* A brief note on my specific contributions to work described within Objective 3.  All DNDC 
model runs were completed by Srinidhi Balasubramanian alone. I worked collaboratively with 
Ms. Balasubramanian and colleagues at UIUC, ISWS, and NOAA to develop input data sets 
described in Objective 3a, specific modeling cases and methods for footprint evaluation in 
Objective 3b, and methods for closure evaluation in Objective 3c. 
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with measurement of ancillary environmental parameters, to evaluate closure between REA 
measurements and a DNDC NH3 flux model. Results from this objective are important to enable 
future up-scaling of modeled NH3 fluxes using DNDC from the site to the regional scale. 
Results from Objectives 1 and 2 were used to inform and evaluate modeling efforts by 
other University of Illinois at Urbana Champaign (UIUC) Department of Civil and 
Environmental Engineering students. Objective 3 focuses on the evaluation of NH3 emission 
estimates using the DNDC model and development of a new method to evaluate closure between 
modeled and measured results. Objective 3 is composed of three sub-objectives. 
1.7.3.1 Objective 3a: Development of Input Datasets for DNDC Model Runs 
Objective 3a couples measured environmental parameters and above-canopy NH3 flux 
measured at the Energy Farm with a DNDC model to predict NH3 flux from fertilized cropland. 
Specifically, measurements of precipitation, solar radiation, wind speed, soil moisture, leaf 
wetness, and soil heat flux combined with detailed information of Energy Farm management 
practices such as fertilizer and herbicide application rates, tillage method, and planting density 
were developed as model inputs for estimation of NH3 flux using DNDC. Objective 3a develops 
a new baseline data set for an NH3 emission model with improved temporal and spatial 
resolution compared to existing NH3 emission models. 
1.7.3.2 Objective 3b: Develop Method for Closure Evaluation 
To effectively evaluate model/measurement closure, data representative of a single study 
domain are required. In practice, this is challenging unless measurements are performed in a 
large study plot (> 3 km x 3 km). In the case of NH3 measurements, the need for a large study 
plot is further complicated by the relatively high power requirements (120 V, > 15 amps) for 
REA or FG measurement equipment, thereby limiting the options for available research plots. 
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Flux measurements are commonly conducted in smaller (< 1.5 km x 1.5 km) study plots to 
provide ready access to equipment and power (Myles et al., 2007; Myles et al., 2011; Walker et 
al., 2013). As such, it is important to develop methods to evaluate model/measurement closure 
for cases where measurements are not collected in a spatially homogenous study domain. 
Objective 3b presents a new method to evaluate model/measurement closure when spatially 
homogenous NH3 flux measurements are not available. 
1.7.3.3 Objective 3c: Evaluation of Closure Between Modeled and Measured Results 
This objective focuses on implementation of the closure evaluation method developed in 
Objective 3b and provides statistical analysis for model/measurement closure. Objective 3c 
provides important new information about the ability of DNDC to estimate early-season NH3 
flux profiles and highlights practical challenges of model/measurement closure evaluation with 
recommendations for improvement.   
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CHAPTER 2: MEASUREMENT OF SEASON-LONG AMMONIA FLUX 
USING THE RELAXED EDDY ACCUMULATION METHOD* 
2.1 Research Motivation and Significance for Objective 1 
Measurements of NH3 flux to the atmosphere from anthropogenic activities are important 
for understanding the links among emission sources and transformation and fate of NH3 in the 
atmosphere (Galloway et al. 2008). NH3 emissions from the use of chemical fertilizers in 
agriculture are not well quantified (Bash et al., 2010; Walker et al., 2013), limiting the ability to 
accurately predict environmental and economic impacts. This uncertainty also affects the quality 
of evaluations of models designed to predict NH3 emissions (Paulot et al., 2014; 
Balasubramanian et al., 2015), secondary pollutant formation (Gilliland et al., 2006), deposition 
of nitrogen species (Appel et al., 2011), and estimation of anthropogenic climate forcing (Myhre 
et al., 2013). 
EC approaches to quantify flux require the availability of a precise (± 10% precision), 
fast-response (e.g., 10 Hz) sensor to measure concentration of the constituent of interest (Phillips 
et al., 2004). The eddy correlation and REA methods are attractive for the quantification of NH3 
fluxes because they do not rely on fast-response sensors to measure NH3 concentration (Myles et 
al., 2011). However, a drawback to these methods is that they are labor intensive, and temporal 
resolution is limited by the need to acquire adequate NH3 mass in the sampling reservoirs for 
quantification in the laboratory. 
REA provides the ability to quantify trace gas fluxes based on conditional measurement 
of gas concentrations at a constant sample flow rate (Businger and Oncley, 1990). REA has been 
                                               
* Reproduced in part with permission from A.J. Nelson, S. Koloutsou-Vakakis, M.J. Rood, L. 
Myles, C. Lehmann, C. Bernacchi, S. Balasubramanian, E. Joo, M. Heuer, M. Vieira-Filho and J. 
Lin (2017) Season-long ammonia flux measurements above fertilized corn in central Illinois, 
USA, using relaxed eddy accumulation, Agr. Forest Meteorol., 239, 202–212 
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used to measure fluxes of trace gases to the atmosphere with temporal resolution on the order of 
hours when gas concentrations cannot be measured instantaneously (Baker et al., 1992). The 
REA method requires the use of an empirically derived REA coefficient (β) to describe the 
relative contributions to flux of turbulent updrafts and downdrafts (Baker et al., 1992). 
This chapter presents results from a study to quantify above canopy NH3 concentration 
and flux from fertilized corn in an intensively managed agricultural ecosystem in the Midwest 
US. The study was conducted for the entire 2014 corn-growing season (day of year, DOY, 115 – 
273) using the REA method. Measurements were also made at the same location over fallow 
land in March 2015 to characterize background NH3 fluxes and concentrations after frost and 
before any fertilization activities. This research seeks to provide a better understanding of land-
atmosphere NH3 exchange due to fertilized corn and to quantify such exchange in an 
environment where field management practices and their timing are highly variable. Emphasis 
was placed on the period from planting to peak LAI, an important under-measured period for 
NH3 emissions during crop development (Walker et al., 2013). The four-hour measurement 
interval used in Objective 1 provides improved information about shorter-term (< 1 day) NH3 
emission intensity from corn in the Midwest US. These measurements are important to improve 
understanding of how managed agricultural ecosystems impact air quality, contribute to the 
global Nitrogen Cycle, and to evaluate current NH3 emission models. Objective 1a focuses on 
the design and validation of the REA system for use in the field campaign, Objective 1b is the 
measurement of NH3 flux at the Energy Farm using the REA method, Objective 1c develops a 
new method for footprint correction of integrated flux measurements, and Objective 1d compares 




2.2.1 Objective 1a: Implementation of REA Method 
2.2.1.1 Setup and Calibration of Equipment Prior to Field Campaign 
The REA system was setup, tested, and validated at ISWS, located at 2204 Griffith Dr., 
Champaign, IL 61820. This location was selected for the preliminary work because of the 
availability of an indoor high-bay area where equipment was assembled and calibrated during the 
winter months. Following indoor assembly and verification that the sensors were wired and 
operating correctly, the sampling equipment was moved outside to the secure ICN site at the 
south end of the ISWS campus (40° 5’ 02.1” N, 88° 14’ 24.9” W).  
The ICN site was located in an open clearing free of trees or other vertical obstructions 
with sod groundcover. A tree line borders the site on the east, west, and south at a distance of 
150 m, 30 m and 45 m, respectively. Buildings of the ISWS campus border the site to the north, 
with the nearest building (single story) located 65 m away. 
Equipment was mounted to a stainless steel instrumentation tripod (model CM-120, 
Campbell Scientific, Logan, UT), extendable to a full height of 6.1 m. The tripod was leveled 
and staked into the ground using two 0.3 m long galvanized stakes at each of the three tripod 
feet. A lightning rod was fixed to the top of the tripod and connected to a 1.2 m copper 
grounding rod with 4 AWG stranded copper cable to provide Earth ground. The tripod was 
stabilized with guy wires extending from the top of the mast to each of the three tripod feet. A 
schematic of the instrumentation tripod with the REA system and environmental instrumentation 




Figure 2.1: Schematic of the sampling tower including the relaxed eddy accumulation (REA) 
system sensors for measuring environmental parameters.  
2.2.1.2 Measurement of Environmental Parameters 
Atmospheric temperature, relative humidity (RH), precipitation as rain, 
photosynthetically active radiation (PAR), global solar radiation, soil temperature, soil moisture 
content, net radiation, and soil heat flux were measured using a Biomet system (model 102, LI-
COR, Lincoln, NE) with an integrated data logging system. Resolution and accuracy of the 
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Heat flux plate 
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± 3 % reading -30 to +70 °C:  50 µV/Wm2 
Table 2.1: Description, resolution, and accuracy of instruments used to measure environmental 
parameters with the Biomet system. 
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The Biomet system was wired in the indoor field staging area at ISWS between 
December 2013 and March 2014. The system was moved to the outdoor ICN site on March 7, 
2014, where preliminary data were collected. Open space in the cable pass-through holes at the 
bottom of the enclosure was filled with loosely packed plastic kitchen scrubbing pads to keep out 
dirt, debris, bugs, and rodents. The enclosure was mounted to the leg of the tripod with U-bolts, 
and 14 AWG solid core copper wire was used to connect the enclosure grounding lug to the 
tripod grounding lug. 
RH and temperature measurements were collected using a non-aspirated humidity and 
temperature probe (model HMP155, Vaisala, Vantaa, Finland) equipped with a multi-plate 
radiation shield (model 41003 R.M. Young Company, Traverse City, MI). The sensor with 
radiation shield was mounted to the measurement tripod using a band clamp and was located at 
the same height as the REA measurement equipment (described in a subsequent section). The 
HMP155 has an operating temperature range from -40 °C to +65 °C and operating humidity 
range of 0% to 100% RH and was manufacturer-calibrated prior to delivery. During long-term 
operation (> 1 month), the sensor was checked monthly to make sure the radiation shield was 
free of debris and that no contamination was present on the sensor probe. 
Precipitation was monitored with a tipping bucket rain gauge (model TR-525M, Texas 
Electronics, Dallas, TX). Because this field campaign was focused on measuring NH3 exchange 
during summertime crop growth, a heater was not used for the precipitation gauge since all 
precipitation was anticipated as rain. The precipitation gauge was mounted on a horizontal cross 
arm extending 1.5 m from the tripod mast and maintained at a minimum height of 15 cm above 
any vertical obstructions (e.g., crops, other sampling equipment). The gauge was calibrated by 
the manufacturer prior to delivery and was leveled using the integrated bubble level. During 
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long-term operation, the screen in the funnel of the rain gauge was checked weekly for 
obstructions. The funnel was removed on a monthly basis to clear the tipping bucket of 
accumulated dirt, bugs, and other debris. 
PAR, defined as electromagnetic radiation with wavelength of 400 nm to 700 nm (Biggs 
et al., 1971), was quantified as photosynthetic photon flux density (photons per time per surface 
area) using a quantum sensor (model LI-190SL, LI-COR, Lincoln, NE). Global solar radiation 
was measured with a silicon photodiode pyranometer (model LI-200, LI-COR, Lincoln, NE). Net 
radiation, the balance between solar and reflected surface radiation, was measured with a net 
radiometer (model NR Lite 2, Kipp & Zonen, Bohemia, NY). All radiation sensors were supplied 
with factory calibration from the manufacturer that was valid for the duration of the field 
campaign. 
The quantum sensor, pyranometer, and net radiation sensors were attached to the tripod 
using a radiation sensor mount (model 7900-350, LI-COR, Lincoln, NE). The arm of the net 
radiation sensor was oriented to the south, and care was taken that no shadows were cast over the 
sensors or the surface area measured by the net radiometer. The radiation sensors were leveled 
using the integrated bubble level on the net radiometer and sensor mount. Radiation sensors were 
cleaned on a monthly basis using deionized (DI) water and a microfiber cloth, as recommended 
by the manufacturer. 
Soil temperature was measured with thermistors (model 7900-180, LI-COR, Lincoln, 
NE) and soil heat flux was measured with self-calibrating heat flux plates (model HFP01SC, 
Hukseflux, Manorville, NY). Three each of thermistors and self-calibrating heat flux plates were 
used. Holes were dug with a straight-sided spade to a depth of 5 cm. Care was taken to remove 
the soil in a single sample. The holes were evenly distributed at three points on a circle with 
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radius of 4 m, centered beneath the tripod. In each hole, a soil heat flux plate was inserted into 
the soil on the smooth-sided edge of the hole at a depth of 5 cm. A thermistor was inserted into 
the opposite side at a depth of 5 cm. At least 10 cm of the lead wire was coiled and placed in the 
bottom of the hole to mitigate heat transfer through the wires before replacing the soil and 
tamping it in place by foot.  
Soil moisture was measured with soil moisture probes (model ML2x, Delta-T, 
Cambridge, UK). Three moisture probes were co-located with the soil temperature and heat flux 
sensors. Probes were inserted at a 70° angle relative to the soil surface until the plastic base was 
in firm contact with the soil surface. 
All sensors described in this section were wired to a centralized datalogger (model XLite 
9210, Sutron Corp., Sterling, VA). The datalogger was installed in a weatherproof enclosure, and 
sensors were connected to the input/output modules using manufacturer-provided wiring. The 
enclosure was grounded to the tripod ground lug with 12 AWG stranded copper wire. The 
datalogger was connected via serial connection to a computer running Windows 7, and specific 
manufacturer-provided sensor calibration data were input using the supplied XTerm software. 
Data were collected at a rate of one sample per minute and stored on an internal flash drive in the 
datalogger. A photograph of the datalogger layout inside the weatherproof enclosure is provided 




Figure 2.2: Photograph of the Biomet data logger, power distribution block, and I/O expansion 
modules inside the weatherproof enclosure. 
The REA system and Biomet were setup at the ICN site on March 7, 2014 (Figure 2.3). 
The centerline of the anemometer was 3.75 m above the soil. This height was selected as a 
typical value for validating the operation of the equipment. The anemometer was oriented 
according to manufacturer instructions, with one arm of the transducer cage oriented to magnetic 
north. The Biomet was operated continuously from March 8 to March 17, 2014. Data were 














Figure 2.3: Photograph of the Relaxed Eddy Accumulation (REA) system and Biomet deployed 
at the Illinois Climate Network (ICN) site. 
Environmental data were averaged over 30 min time intervals and mean values were 
plotted. Because soil temperature, moisture content, and heat flux were measured in triplicate, 
mean values from each sensor location were further combined to present a 30 min mean average 
of the triplicate measurement. 
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2.2.2 Objective 1b: Measurement of NH3 Flux at the Energy Farm Using REA  
2.2.2.1 Experimental Field Site Description 
The field campaign took place during the 2014 corn-growing season at the UIUC Energy 
Biosciences Institute (EBI) Energy Farm in Urbana, IL. Illinois is located in the flat terrain 
geographical region known as the Midwest and belongs to the Midwest NCA climate region. The 
lack of mountains and distance from the ocean (> 1000 km) result in wide extremes of 
temperature and precipitation that can occur over days, weeks, months, and years, while all 
seasons have potential for damaging winds (USDOC-NOAA, 2013). 
The Energy Farm (described by Zeri et al., 2011) was subdivided into four different 200 
m x 200 m research plots. Research plots to the west, north, and east were planted with 
miscanthus, switchgrass, and a mixture of 28 different native prairie species, respectively (Zeri et 
al., 2011). A private field due south of the study plot was planted with corn during the last week 
of April 2014. The private field extended south 800 m to the next road and was separated from 
the experimental field plot by a 15 m wide dirt and grass track. 
 The southeastern most plot of the Energy Farm, hereafter referred to as the study plot, 
was planted with corn and was the location for this research (40° 3’ 46.209” N, 88° 11’ 46.0212” 
W, 220 m above sea level). A detailed record of farm activities occurring at the site, including 
planting date, fertilizer and herbicide type and application rate and date, and crop yield was 
maintained by EBI personnel. These data are important for overall quality control and the ability 
to accurately interpret results. The study plot was serviced with two 20 A, 110 VAC circuits. 
Based on Champaign, IL ICN data (located 4.4 km northwest of the Energy Farm) from 1979 to 
2009, the mean annual temperature at the site was 11.1 °C and mean annual accumulated rainfall 
was 1,041.7 mm (Zeri et al., 2011). ICN data from February 1989 through 2013 (data for mean 
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wind direction was not available prior to February 1989) was used to determine the mean wind 
direction of 192.5° (ISWS, 2017). Figure 2.4 depicts the wind rose at the study plot during the 
2014 growing season and its neighboring fields.  
 
Figure 2.4: a) Wind rose during 2014 growing season at the study plot (DOY 115 – 273). b) 
Satellite view (Google Maps, 2016) of the study plot (outlined in white) and neighboring fields. 
Crosshatched areas correspond to neighboring fields that were also planted with corn. 
Site selection was influenced by a number of factors: (1) management practices at the 
study plot were representative of conventional farm management practices in the area  (e.g., 
chisel plow tilling, fertilization, and herbicide application) and historical records dating to 2008 
were readily available; (2) on-site meteorological data were available from 2009 through the 
2014 growing-season from another study that used eddy covariance for measurements of CO2 
and water vapor fluxes (described first in Zeri et al., 2011); (3) ready access to the site was 
available for installation; and (4) protection of instrumentation due to activities in the field was 
accommodated. Considering the fetch of the study plot (100 - 140 m), the scope of the study, 
logistics associated with NH3 flux sampling, and challenges with access to third party property, 
this study plot was selected as the best site to meet the objectives of this research. 
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Canopy height, hc, was measured twice weekly following crop emergence. The study plot 
was divided into four quadrants and four plants were measured at the center of each quadrant for 
a total of 16 measurements. Total growing degree days (GDD) – defined as the sum of average 
daily low and high temperatures minus 50 °F – was calculated and used to predict crop growth 
stage (Nafziger, 2014). Additionally, growth stage was evaluated once weekly by visual 
inspection as described by Abendroth and Elmore (2014). Prof. Carl Bernacchi’s Environmental 
Plant Physiology Group (UIUC Department of Plant Biology) measured LAI weekly using a 
nondestructive plant canopy analyzer (model LAI-2200, LI-COR, Lincoln, NE) 
2.2.2.2 Field management practices 
The study plot was planted with a corn-corn-soybean crop rotation from 2008 through 
2014. Soybeans (variety Asgrow® A3555, Monsanto, St. Louis, MO) were cultivated at the study 
plot in 2013. Standard agricultural practices for Central Illinois were used at the study plot. 
Diammonium phosphate, potash, and lime were applied using variable-rate technology to 
achieve the desired whole-farm soil fertility goal (pH: 6.0; 50.4 kg-P ha-1; 336 kg-K ha-1). The 
study plot was sprayed with 168 kg-N ha-1 as 28% UAN fertilizer containing a urease inhibitor 
(Agrotain®) and 7.0 L ha-1 pre-emergent herbicide (Lumax®, Syngenta: Basel, Switzerland), and 
immediately tilled, in the morning of May 6, 2014 (DOY 126). Corn (Dekalb® DKC64-69, 
Monsanto: St. Louis, MO) was machine-sown with 76 cm row spacing in the afternoon of May 
6, 2014 at a seeded population of 86,000 plants ha-1. Hand planting was used around the 
sampling equipment at the center of the study plot. Herbicide (Roundup® Powermax, Monsanto: 
St. Louis, MO) was applied as needed to control grass and broadleaf weeds prior to emergence. 
The same herbicide was applied to the entire plot on June 6, 2014 (DOY 157) at 1.6 L ha-1.  The 
neighboring cornfield was fertilized with 201 kg-N ha-1 on March 26, 2014 (DOY 85; 33 kg-N 
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ha-1 as 28% UAN and 168 kg-N ha-1 as 82% anhydrous NH3) (personal communication with EBI 
Energy Farm manager). 
2.2.2.3 Relaxed Eddy Accumulation System 
The REA System and Biomet were transported to the Energy Farm in April, 2014. All 
equipment was setup in the same manner described in Section 2.2.1.2. Due to the un-level nature 
of the recently tilled field and loose pack of the top soil, concrete pavers (20 cm wide, 40 cm 
long, 5 cm high) were placed beneath each of the measurement tripod feet. Holes were drilled 
through the pavers and stakes were driven through the tripod feet and pavers into the soil. For 
additional wind protection, guy wires were extended from the top of the tower to the ground at a 
radius of 5 m from the center of the tripod. All wires for buried sensors were run through 2.5 cm 
inner diameter (ID) polyvinyl chloride (PVC) pipe to protect against tripping and damage from 
rodents, animals, and other equipment. 
A REA control box was used to control gas flow and switching denuders during updraft, 
downdraft, and deadband conditions. The control box was similar to the one described in Meyers 
et al. (2006). The REA control box contained a mass flow controller (MFC) (model GFC371, 
Aalborg, Orangeburg, NY) and a sampling manifold with three solenoid valves (model 2W13W-
9DB-A6C5, Snap-Tite Inc, Erie, PA). An integrated logic board controlled switching of the 
solenoid valves. Quick-disconnect fittings were used for connecting a rotary vane vacuum pump 
(model 0523, Gast Manufacturing Inc., Benton Harbor, MI) to the sampling manifold (Figure 




Figure 2.5: Photo of the custom-built REA control box provided by ATDD. Individual system 
components are highlighted for clarity. 
The REA control box was connected via RS-232 to a field computer running Ubuntu and 
mounted in a stainless steel enclosure (model ENC 24/30S, Campbell Scientific, Logan, UT) 
mounted to a leg of the measurement tripod. The computer ran the open source REA control 
program, SONIC.C, developed by ATDD for use with the REA control box (Available online: 
ftp://ftp.atdd.noaa.gov/pub/dumas/software/sonic/). The most up-to-date version of the REA 
control program, Version 2.6.2, was used. 
A three-axis ultrasonic anemometer (model 81000RE, R.M. Young Company, Traverse 
City, MI) measured u, v, and w at 10 Hz. Data were recorded using the field computer. Care was 
taken to mount the anemometer as close to vertical as possible to reduce error caused by off-axis 
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mounting. SONIC.C software rotated the anemometer coordinate system to align with 
meteorological coordinates and correct for tilt.  
A dynamic deadband was implemented using a 5 min moving boxcar average to calculate 
the sampling threshold ±0.3	-/. The use of a deadband serves to increase the difference between 
measured concentrations during updraft and downdraft conditions and reduce switching 
frequency of the valves (Bowling et al., 1999; Meyers et al., 2006). The deadband is a threshold 
value of vertical wind velocity that must be exceeded to trigger valve switching (Grönholm et al., 
2008). Because the use of a dynamic deadband scales β based on atmospheric conditions, it 
allows the REA system to compensate for atmospheric non-stationarity that may occur during a 
multi-hour run (Grönholm et al., 2008). Corrected values of N5 were calculated in real time and 
compared to the sampling threshold once per second. Based on this analysis, the appropriate 
valve was actuated in the REA control box, following the conditions described in Table 2.2. 
Condition Sample Reservoir 
N5 < −0.3-/ Downdraft 
−0.3-/ ≤ N5 ≤ +0.3-/ Deadband 
N5 > +0.3-/ Updraft 
Table 2.2: Definition of updraft, downdraft, and deadband conditions based on SONIC.C 
calculation of the dynamic deadband, 0.3 σw. 
SONIC.C software recorded wind speed and temperature data at 10 Hz to a hard drive in 
the field computer. Further, the software calculated mean updraft, deadband, and downdraft 
temperature and -/ in 30 min intervals to facilitate calculation of the REA coefficient and mean 





Total updraft, deadband, and downdraft time (min) [↑,	[↔, [↓ 
Vertical, streamwise, and lateral wind speed (m/s) w, u, v 
Standard deviation of vertical wind speed (m/s) σw 
Sonic temperature (°C) T 
Mean (30 min) updraft, deadband, and downdraft temperature (°C) K↑" , K↔,,,,, K↓"  
Table 2.3: Parameters for all relevant data recorded to the field computer via the SONIC.C 
software. 
Three-channel annular glass denuders (model URG-2000-30x242-3CSS, URG Corp, 
Chapel Hill, NC) were selected for measuring trace NH3 concentration. Denuders were fitted 
with glass elutriator inlets (model URG-2000-30K, URG Corp, Chapel Hill, NC) designed to 
remove particles with diameter ≥ 2.5 µm at 20 L min-1 (all flows are specified at standard 
conditions unless stated otherwise). Inlets were attached to the upstream end of denuders using a 
#30 coupler with a built-in Teflon impaction plate (model URG-2000-30P, URG Corp, Chapel 
Hill NC). Two-stage 47 mm Teflon filter packs (model URG-2000-30FG, URG Corp, Chapel 
Hill, NC) were utilized to collect PM for later analysis of particulate ammonium, nitrate, and 
sulfate by ATDD and to prevent damage to the solenoid valves and pump (Figure 2.6).  
 
Figure 2.6: Photograph of REA denuder assembly comprised of an elutriator inlet, three-channel 
annular denuder, and a two-stage filter pack. 
The inlet-denuder-filter systems (hereafter referred to as “denuder assemblies”) were 
positioned such that the elutriator-inlets were at the same height as the anemometer centerline, 
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defined as the vertical midway point between the upper and lower ultrasonic transducers. The 
denuder assemblies were oriented along a horizontal sampling axis, which passed through the 
centerline of the anemometer and was oriented perpendicular to the prevailing wind direction for 
the site (192.5°) (Figure 2.7). 
 
Figure 2.7: Schematic of top view of anemometer and denuder orientation and positions with 
respect to magnetic north and the prevailing wind direction. 
Denuder assemblies were connected to the REA Control Box using 6.35 mm ID black 
PVC tubing (McMaster Carr, Chicago, IL) to supply controlled gas flow. Tubing for each 
assembly was 6 m in length and fitted with quick-disconnect ends. Care was taken to loosely coil 
excess tubing at the base of the measurement tripod without causing kinks. A mounting bracket 
was designed using broom handle clamps to fasten denuder assemblies, facilitating accurate 
vertical positioning. Four broom handle clamps were attached to an aluminum plate mounted 
vertically to the upper tripod cross arm using U-bolts. The mounting mechanism and vertical 




Figure 2.8: Photograph showing vertical position of denuders relative to sonic anemometer. 
Four denuders were used for each REA sampling run: one each for updraft, deadband, 
and downdraft conditions and one as a field blank. The field blank denuder assembly was not 
actively sampled, but the inlet was exposed to the atmosphere during the REA sampling run to 
quantify NH3 exposure caused by passive diffusion, advection, and denuder handling. 
The complete REA sampling system is shown in Figure 2.9. Measurement height, zm, was 
2.0 m prior to corn emergence to reduce the probability of soil aspiration in the denuder assemblies. 
Measurement height was adjusted from 2.0 m to 4.5 m depending on canopy height (hc) to avoid 




Figure 2.9: REA sampling system (June 2014). 
REA sampling runs were performed throughout the 2014 corn-growing season (as 
weather allowed) with focus on daily sampling during the first month after fertilization when 
peaks in NH3 emissions have been measured in experiments at a location in North Carolina 
(Walker et al., 2013). Sampling did not occur during precipitation events because the aspiration 
of water into the denuders would affect the measurement accuracy. Samples were collected as 
often as possible during the first 30 days following fertilization. The sampling plan for the 
remainder of the season was scheduled to align with growth stages V5, V10, V15, VT, R3, and 
R6, depicted in Figure 2.10 (UI, 2009). However, adjustments to this schedule were required due 




Figure 2.10: Depiction of corn growth-stages and approximate growing degree days (GDD) 
needed to reach each stage. (Figure partially reproduced with modification from UI, 2009) 
Sample duration was guided by the analytical detection limit for NH4+ and typical 
ambient NH3 concentrations in the area. REA runs occurred from 07:30 – 11:30 am and 12:00 – 
16:00 pm local time. These times were selected to represent average daily meteorology, to 
mitigate the effect of daytime atmospheric non-stationarity, and to avoid sampling during diurnal 
stability transitions at dawn and dusk. No nighttime samples were collected as the REA method 
is not expected to perform well in a stable boundary layer (Fotiadi et al., 2005).  
2.2.2.4 Laboratory Preparation and Analysis of Denuder Assemblies* 
All denuders were coated, extracted, and analyzed at the NADP Central Analytical 
Laboratory (CAL) by experienced CAL staff according to NADP Standard Operating Procedures 
(SOP) PR-4074.1 (NADP, 2012) and AN-4022.1 (NADP, 2014). Final assembly of the 
elutriator-inlets, denuders, and filter packs was not done by CAL staff but was carried out using 
CAL facilities.  
                                               
* A brief note on my specific contributions to Section 2.2.2.4: NADP staff completed all coating 
and extraction of denuders. I, collaboratively with Dr. Marcelo Vieira-Filho, cleaned and 
assembled all denuders, elutriator inlets, and filter packs. 
Growth	Stage VE V1 V3 V7 V10 VT R1 R6
GDD 115 155 315 635 845 1,350 1,400 2,700
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The CAL uses thoroughly validated quality assurance measures to reduce the potential 
for contamination of denuders during preparation and extraction. Denuders were handled in a 
clean air hood (model PVLF-72, Air Science USA LLC, Fort Myers, FL) designed to provide an 
environment free of NH3. NH3 concentration within the hood and the lab area is monitored using 
two-week integrated diffusive NH3 samplers (model Radiello 123-7, Supelco, Bellefonte, PA).  
Whenever handling equipment, laboratory personnel wore two layers of gloves: one pair 
of latex-free vinyl gloves (model 19-041-189, Fisher Scientific, Pittsburgh, PA) were put on first 
followed by one pair of polyethylene gloves (model Poly-D FoodMates, Ansell, Melbourne, 
Australia). This procedure has been observed to result in the least cross-contamination of NH3 
due to chemical composition of gloves and individual body chemistry (NADP, 2013). All plastic 
bags used for storage and transport were made of low density polyethylene (series F4 Double 
Track, Elkay Plastics, Chicago, IL). Coating, exposure, and extraction dates for all denuders and 
filter packs were tracked using an established CAL database and sequentially numbered bar-
coding system. 
Denuders (uncapped) and caps were soaked for at least 24 h at room temperature in DI 
water (model Advantage A10 w/ QTUM0TEX1 cartridge, Millipore, Billerica, MA) in 13.2 L 
covered high density polyethylene (HDPE) buckets (model S-9942, Uline, Pleasant Prairie, WI) 
prior to coating for use. Denuders and caps were rinsed for at least 1 min under flowing DI water 
after soaking and immediately prior to use. Clean denuders were capped and transferred to a 
chemical fume hood for coating. Downstream caps were removed, and denuders were filled with 
a 5 wt% phosphorus acid solution (98%, extra pure, Acros Organics, Geel, Belgium) until the 
glass channels were fully covered in solution. Downstream ends were capped, and denuders were 
inverted several times before resting for 1 min. Downstream caps were removed and denuders 
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were drained with gentle shaking to remove excess solution. Upstream caps were then removed, 
and the denuders were attached to a drying manifold (model URG-2000-30H4, URG Corp, 
Chapel Hill, NC) and dried under flowing high purity nitrogen for at least 10 min. Dry denuders 
were removed from the manifold, immediately capped at both ends, and stored at 4 °C in plastic 
bags until needed. 
For every 20 denuders prepared, at least one denuder was maintained as a laboratory 
blank. The blank denuder was prepared identically to those used in the field but remained at 4 °C 
from when it was prepared until immediately before extraction and analysis. These blank 
denuders were coated, extracted, and analyzed at the same time as the previously numbered 
denuder (e.g., blank denuder labeled number 20 was coated, extracted, and analyzed with field 
denuder number 19). 
Elutriator-inlets and filter packs were fully disassembled and cleaned analogously to 
denuders prior to preparation and use. After rinsing, all parts were allowed to dry completely on 
fiberglass trays lined with Kimwipes® (Kimberly-Clark Professional, Roswell, GA) in the NH3 
free hood. Elutriator-inlets were then assembled, and upstream ends were covered with Parafilm® 
(Bemis NA, Neenah, WI). Elutriator-inlets were either immediately attached to coated denuders 
or stored at 4 °C in plastic bags until required. 
Filter packs were assembled with 1 µm pore size polypropylene backed 
polytetrafluoroethylene filters (Cat. No. 7590-004, Whatman Limited, Maidenstone, UK) on the 
upstream filter stage and 0.8 µm pore size nylon membrane filters (Cat. No. 7408-004, Whatman 
Limited, Maidenstone, UK) downstream. Filters were applied under the NH3 hood using clean 
tweezers (soaked in DI for > 24 h once per week and stored in the NH3 free hood). Care was 
taken to orient the filters correctly with respect to the direction of flow. Filter packs were 
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assembled, Parafilm® was applied to the downstream quick-disconnect fitting, and they were 
either immediately attached to coated denuders or stored at 4 °C until needed. 
Prepared elutriator-inlets, denuders, and filter packs were assembled in the NH3 free hood 
and stored at 4 °C until used. Denuder assemblies were collected from the CAL and transported 
to the Energy Farm on the day of planned exposure. Generally, eight assemblies were collected 
on each planned sampling day, with four used for each REA run. If not immediately used, 
denuder assemblies were stored at 4 °C in a refrigerator located at the Energy Farm until needed. 
Denuders were replaced in clean plastic bags after exposure and immediately returned to storage 
at 4 °C. Specific methods for REA runs are provided in a subsequent section. 
Denuders were extracted by CAL staff within five days of exposure. Exposed denuders 
were removed from the refrigerator and allowed to acclimate (while capped) for 1 h at room 
temperature on an open bench in the CAL and then transferred to the NH3 free hood. Working 
with one denuder at a time, downstream caps were removed, and 20.0 ml of DI water was 
pipetted into each denuder. Caps were replaced, and denuders were inverted 10 times before 
being allowed to rest for 5 min. The DI water solution was then decanted into a clean 60 ml 
HDPE bottle (Cat. No. 2114-0002, Thermo Scientific Nalgene Products, Rochester, NY) rinsed 
three times with DI water prior to use. The extraction process was then repeated for all updraft, 
deadband, and downdraft denuders such that each denuder was extracted with a total of 40.0 ml 
of DI water. Lab blanks and field controls were extracted only once using 20.0 ml of DI water. 
After extracting all denuders, a DI water blank was prepared by pipetting 20.0 ml of DI water 
into an empty, clean 60 ml HDPE bottle. The DI water blank and all extracts were stored at -18 
°C until analysis. Extracts were analyzed by CAL staff using a flow injection analyzer (FIA) 
(model Quik Chem 8500 Series 2, Lachat Instruments, Milwaukee, WI) according to NADP SOP 
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AN-0022 (NADP, 2008). The FIA instrument uses a colorimetric method for determination of 
ammonium ion in solution by reaction with phenate with a detection limit of 3 µg-NH4+ L-1 of 
extract solution.  
2.2.2.5 Field Procedures for REA Sampling Runs 
REA sampling runs lasted 4 h each and were divided into morning and afternoon runs, 
typically from 07:30 – 11:30 and 12:00 – 16:00 local time, respectively. Morning and afternoon 
sampling runs were performed on the same day when possible. The exact starting and ending 
times for each run varied depending on field conditions and equipment troubleshooting and were 
documented in a field notebook. 
Four denuder assemblies were used for each REA sampling run: one each for updraft, 
deadband, and downdraft sampling conditions and a fourth used as a field blank. Denuder 
assemblies were transported from the Energy Farm refrigerator to the experimental field plot in 
plastic bags. Measurement height was adjusted as necessary prior to each REA sampling run 
such that 1A > 1.34ℎC to avoid overestimating source/sink contributions from any single canopy 
element (Raupach, 1994). The sonic anemometer was also adjusted for proper orientation if 
necessary. These steps were performed by either lowering the measurement tripod mast or 
accessing the sampling bracket and anemometer via ladder. 
With double-gloved hands, described in Section 2.2.2.4, assemblies were carefully 
removed from bags and clipped into mounting brackets, taking care to vertically align inlets with 
the anemometer centerline. Parafilm® was removed from the downstream end of the updraft, 
deadband, and downdraft denuder assemblies and vacuum lines were attached. Parafilm® 
remained on downstream end of the field blank denuder assembly for the duration of the REA 
sampling run. Parafilm® was then carefully removed from the inlet of all four denuder 
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assemblies and the measurement tripod mast was returned to its vertical position (if it had been 
lowered). 
Flow rate through the denuder assemblies was controlled at 20.0 L min-1 by the MFC in 
the REA control box. The MFC had a valid factory calibration for the duration of the field 
campaign and was verified monthly at 20.0 L/min using a piston meter (model DryCal DC2, 
Bios, Butler, NJ). Initial flow rate through each of the three denuder assemblies, as indicated by 
the digital display on the MFC, was recorded in the field notebook. If flow through any of the 
three assemblies deviated from the setpoint by more than ± 0.5 L min-1, troubleshooting was 
performed to identify the cause and remedy the deviation. Flow through each denuder assembly, 
as indicated by the MFC, was recorded in the field notebook at the end of each run.  
Exposed denuder assemblies were immediately removed from the mounting bracket, 
placed into clean plastic bags, and returned to a 4 °C refrigerator located at the energy farm. At 
the end of the sampling day all denuder assemblies were returned to the CAL. Assemblies were 
promptly disassembled in the NH3 free hood with double-gloved hands. Denuders were capped 
with clean end caps and stored at the CAL at 4 °C for no more than five days until extraction. 
Filter packs were disassembled under the NH3 free hood. Exposed filters were removed with 
clean tweezers, placed in labeled 50 mm petri dishes (polystyrene, BF Falcon, Franklin Lakes, 
NJ) and stored at -18 °C in plastic bags at CAL. Exposed filters were sent overnight in coolers to 
ATDD at three different times during the field campaign for analysis. Results from the filter 
analysis are not part of this research. 
2.2.2.6 Data Management 
Data from the field computer were copied to an external hard drive at the end of each 4 h 
REA sampling run, leaving all original files on the field computer. These data were then 
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transferred to two separate locations, one cloud drive accessible by other members of the 
research team, and a separate physical drive that was used as the primary storage location of raw, 
unaltered data. These raw data were further backed up to a separate cloud drive. Hence, all data 
files being actively worked with by the research team were physically and digitally separated 
from the original files to maintain data integrity. Further, raw data were stored in three different 
physical locations. 
Data from the Biomet data logger were retrieved biweekly. Data were downloaded 
directly to a laptop computer, and immediately copied to a separate external hard drive. Copies 
were made analogously to those described above for REA data, and at no time were original data 
files altered or worked with directly. 
Physical and digital records were maintained describing the date of preparation, use, and 
extraction for all denuders and filter packs such that any potential contamination could be traced 
back to the original prepared lot if necessary. As mentioned in Section 2.2.2.4, at least one 
unexposed blank was used for each lot of denuders prepared for further quality control and 
identification of contamination during preparation and/or extraction. 
2.2.2.7 NH3 Flux and Concentration Calculation 






where 0.944 is the ratio of the molecular weight of NH3 to NHèê, 49:áà is the concentration of 
NHèê in the denuder extract solution, â=ä8?@C8 is the volume of deionized water used during 
extraction, and â0ãå  is the total volume of ambient air sampled through each denuder assembly. 
Knowing 49:;<+=6>+=? , for the up- and down-draft denuders, mean NH3 flux during each 
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sampling run (G9:;,,,,,,) was calculated using Equation 1.10. REA sampling runs were omitted from 
the results when β differed from the population mean by more than three standard deviations. 
Ambient NH3 concentration (49:;) measured with the REA method was calculated by summing 
49:áà for each of the three actively sampled denuders. Laboratory and field blanks were used to 
screen for contamination in denuders.  
Ambient NH3 concentration was also measured using passive samplers (model Radiello® 
123-7, Supelco: Bellefonte, PA), at the study plot. Passive samplers were used in accordance 
with NADP SOP SS-4070 for monitoring ambient NH3 on a biweekly time interval (NADP, 
2013). Further, results from the AMoN Bondville monitoring site for the duration of this study 
(NADP, 2017b) were used to assess atmospheric NH3 concentration as measured by the REA 
method and Radiello® passive samplers with a well-established monitoring site. The Bondville 
site is located 13 km west of the study plot in a similar intensively managed ecosystem 
characterized as a rural location surrounded by corn and soybean cropland. Coefficient of 
variation (CV) was used to quantify variability in the sample population, where CV is the 
absolute value of the ratio of the standard deviation to the mean. 
Uncertainty in the REA method arises from the use of the dynamic deadband and the 
response time of up- and down-draft valve switching, as well as from error introduced through 
the preparation and analysis of samples. While these sources of uncertainty are not quantified in 
this study, other studies have reported REA and EC measurements of CO2 to have high 
correlation (r2 > 0.92), with measurements from each system differing by no more than 20% 
(Oncley et al., 1993). Uncertainty due to laboratory preparation and extraction of denuders is 
expected to be relatively low when compared with error introduced due to the dynamic deadband 
and valve response time. The laboratory methodological detection limit for detection of NH4+ 
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(0.017 mg L-1) is quantified in the NADP CAL annual quality assurance report along with other 
statistics representing experimental error (NADP, 2018b). 
2.2.3 Objective 1c: Flux Footprint Correction and Uncertainty Estimation 
Local point measurements of NH3 flux are important to improve understanding of 
processes that affect NH3 emissions from fertilization and to contribute to upscaling of such 
measurements to regional scales using models (Balasubramanian et al., 2015). When upscaling, 
uncertainties may be introduced due to uncertainties in inputs such as land use maps, soil maps, 
varying meteorology or lack of farm management data at the farm level (Balasubramanian et al., 
2015).  Taking this into account along with challenges accessing plots with larger footprints and 
the scarcity of NH3 flux measurements in the given region, we followed the rationale that as long 
as the primary footprint (> 90%) of measurements was over fields of fertilized corn, the goal of 
characterizing emissions from an intensively corn managed ecosystem was still met. In this 
research, that condition was fulfilled as the study plot was neighbored by a corn field > 900 m 
deep	extending	from	110°	<	θ	<	265° in the predominant wind direction.  
Flux footprints were calculated for each REA sampling run according to Kljun et al. 
(2004) using the EddyPro software package (Version 5.1.1, LI-COR: Lincoln, NE). This method 
requires that friction velocity (u*) exceeds a threshold value (u* ≥ 0.2 m s-1), and the 
atmospheric stability parameter (ζ) falls within a certain range (-200 < ζ < 1). When these 
assumptions did not hold, the method by Kormann and Meixner (2001) was used because of its 
applicability to a wider range of atmospheric stability and friction velocity. Flux footprint was 
calculated for the 10%, 30%, 50%, 70%, and 90% distances, where the NN% distance 
corresponds to the determined footprint radius, r, of the area that contributed NN% of the total 
measured flux. For example, if r = 150 m for a 90% footprint distance, then 90% of the total 
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measured flux was understood to originate from within a radius of 150 m. For cases where the 
90% footprint distance exceeded the 100 m study plot radius (rs) the relative fractional 
contribution to the measured flux from within rs was estimated by interpolation considering the 
10%, 30%, 50%, 70%, and 90% footprint distances.		
The average wind direction (θ) was calculated for each REA sampling period and wind 
roses were generated in R (R Core Team, 2013) using the OpenAir package (Version 0.9-2, 
Carslaw and Ropkins, 2012) run in RStudio (Version 0.98.501, RStudio Team, 2018). For cases 
where the 90% footprint distance exceeded rs, visual inspection of wind roses was used to 
determine whether contributing sources to the measured flux from outside the study plot were 
corn fields or mixed crop types. Samples were removed from further statistics calculations if at 
least one of two conditions was met: (1) contribution from within rS was less than 50% or (2) the 
footprint contained crops other than fertilized corn.  
Sommer and Jensen (1994) found the highest rate of NH3 volatilization from fertilized 
soils occurred within the first 5-10 days following fertilization using wind tunnel studies. Hence, 
it was expected that the highest fluxes from all fertilized fields will occur during the period 
immediately following fertilization (i.e., one to two weeks). Because the neighboring field was 
fertilized 40 days before the study plot, positive flux from the neighboring field was expected to 
be relatively lower than the study plot immediately following fertilization of the study plot on 
DOY 126. To quantify the impact of such differences on measurements, emissions from the 
study plot (ES) and the neighboring cornfield (EN) were estimated using the DNDC model (Li, 
2000; Balasubramanian et al., 2015). Modeled emissions were then used to characterize the 
percent difference (ë+5íí%) between ëî and the experimentally measured emission (ëï , 




ëî ∗ ñî + ë9 ∗ ñ9	
ëî
− 1 Equation 2.2
where RS and RN are the relative fractional contributions to the measured flux from within the 
study plot and the neighboring plot, respectively. Hence, when ë+5íí% > 0, ëî < ëï, indicating 
the experimental result overestimates the actual emission from the study plot. A parallel study 
(Objective 3) was completed to examine closure between NH3 flux measurements from REA and 
predictions from the DNDC model and is described in Chapter 4 of this document.	
2.3 Results and Discussion 
2.3.1 Objective 1a: Equipment Setup and Calibration at ICN Site 
Data collected during the preliminary trial run of the Biomet are presented in Figure 2.11. 
Vertical bars plotted for soil temperature, moisture content, and heat flux correspond to the 
standard deviation of the triplicate measurements. This dataset does not include measurements of 
PAR, global radiation, or precipitation as rain, as these parameters were not recorded during the 
sampling period due to sensor connectivity issues. This problem was remedied, and these sensors 




Figure 2.11: Environmental conditions during the preliminary data collection period. The area 







































































































































During the preliminary sampling period, high winds (> 15 m s-1) were forecast for the 
evening of March 11 extending through March 12. In the configuration used here, the tripod, 
with 6.1 m height, is rated to withstand winds up to 24 m s-1, but out of an abundance of caution 
the tripod mast was lowered in advance of the forecast high winds. In Figure 2.11, the shaded 
area corresponds to the time when the tripod mast was lowered.  
Lowering the mast in this manner is not expected to affect measurements of soil 
temperature, moisture content, or heat flux, as these sensors are located below the soil surface 
and are not influenced by the vertical position of the mast. However, net radiation measured 
during this time is understood to be inaccurate, as the net radiometer is attached to the mast and 
was therefore oriented parallel to the soil surface rather than perpendicularly when it was 
lowered. Therefore, these data have been omitted from the figure. Because the RH and 
temperature sensors were attached to the mast, they were in close proximity to the ground 
surface while the tower was lowered. This is expected to affect measurement of RH and air 
temperature during this time. 
Daily observed maximum air temperature values ranged from -0.2 °C on March 16 to 
18.2 °C on March 11. Due to a cold front passing through the region during March 15-16, the 
maximum observed temperature on March 16 was the first recorded reading at 00:01 hr (UTC -
06:00). ISWS Water and Atmospheric Resources Monitoring (WARM) Program data were used 
for comparison with measured data collected with the Biomet system (ISWS, 2016). The 
WARM program reports daily maximum and minimum temperatures recorded at the ICN site. 
For the 10-day period, the mean maximum temperatures observed by the Biomet and the WARM 
program were between 8.8 °C and 9.1 °C, respectively. Using a two-tailed unpaired t-test at a 
0.05 significance level, the observed maximum temperatures from both systems were not found 
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to be statistically different. Similarly, daily minimum temperatures were not found to be 
statistically different using a two-tailed unpaired t-test. After omitting suspect data (collected 
while the tripod was lowered), a negative correlation coefficient (r = – 0.72) was observed 
between air temperature and RH. This is expected, as increased air temperature yields a higher 
water vapor capacity of an air parcel, thereby reducing RH.  
Net radiation was calculated as the difference of incoming radiation and reflected 
radiation. Therefore, positive values of net radiation indicated incoming radiation was greater 
than reflected radiation. A diurnal cycle was observed for net radiation with a minimum during 
nighttime hours and elevated measurements during daytime hours, depending on cloud cover. 
Data on March 15 and 17 are similar because both days had minimal cloud cover. Data from 
other days are varied due to sporadic cloud cover, but generally exhibited a similar diurnal 
pattern. Due to an artifact from the experimental setup, it is believed that the reported net 
radiation values are underestimated. Space constraints at the preliminary research location 
required the tripod to be erected 2 m from a light colored artificial structure on the ground. This 
structure was observed to exhibit higher reflectivity than the sod surface. The increased surface 
reflection of this object reduced the overall net radiation value, as the radiometer was reading an 
artificially inflated value for reflected radiation. During the full field campaign, care was taken to 
make sure the sensor was positioned over a representative surface sample. 
Soil temperature and soil heat flux both exhibited diurnal trends with minimum values 
occurring during nighttime hours and elevated values during daylight hours. When the tripod 
mast was in the upright position, a positive correlation (r = 0.80) was observed for soil heat flux 
and net radiation, as expected. Similarly, soil heat flux and soil temperature were both found to 
have a positive correlation with air temperature (r = 0.75 and r = 0.83, respectively), as expected. 
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2.3.2 Objective 1b: Results from REA Measurements at Energy Farm 
2.3.2.1 Energy Farm Canopy Development 
Cumulative GDD during the 2014 growing season was generally consistent with data 
from 2013 and the 10-year average from 2003 to 2013 (Figure 2.12). A warm spell occurring 
early in the growing season, DOY 147 – 154, resulted in a slight outpacing of historical GDD 
averages during 2014. However, a historically mild period during DOY 196 – 203 resulted in 
2014 cumulative GDD at DOY 245 being similar to the 10-year historical average (2517 and 
2492, respectively). The warm spell resulted in a rapid development of the canopy from DOY 
147 – 168, reflected in the measured LAI.  
 
 
Figure 2.12: Comparison of cumulative growing degree days (GDD) at the Energy Farm in 2014 
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Plants were first visible on May 12 (DOY 132), six days after planting. Peak canopy 
height of 308 cm ± 10 cm was observed on July 25 (DOY 206). The mature canopy LAI was 6.1, 
measured on August 13 (DOY 225).  The study plot was harvested on November 6 (DOY 310) 
with an average yield of 13.78 mt ha-1 (219.5 bu acre-1), consistent with the average yield in 
Champaign County for 2014, 13.59 mt ha-1 (216.5 bu acre-1) (USDA, 2017). Canopy 
development, as characterized by height and cumulative LAI is presented in Figure 2.13. 
 
 
Figure 2.13: Canopy height (left axis) and leaf area index (LAI; right axis). 
The decreased values of LAI observed on DOY 195 and DOY 201 are attributed to heavy 
rain and thunderstorms that caused damage to the canopy structure, followed by low 
temperatures contributing to slow canopy recovery. The ISWS reported heavy thunderstorms and 
11.0 cm of rain in Champaign-Urbana, IL on DOY 192-193, followed by additional rain (1.3 cm) 
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on DOY 196 and abnormally low high temperatures (21.1 – 26.1 °C) for DOY 196-201 (ISWS, 
2016).  
2.3.2.2 Ammonia Concentration and Flux Measurements 
Effort was taken to sample as frequently as possible during the first 14 days following 
planting (DOY 126-140). However, a gap in measurements from DOY 133 – 138 resulted from 
persistent rain during that time. The original experimental plan called for measurements at five 
vegetative growth stages (VE, V5, V10, V15, and VT). However, due to the rapid canopy 
development during DOY 147 – 181, the canopy matured faster than anticipated and it was not 
possible to sample during the V10 stage. Because of the time required to extract, clean, and 
recoat denuders following sampling on DOY 157-159 (V6), followed by a several days of 
precipitation, REA sampling runs were not performed again until stage V14.  
Mean concentration and standard deviation of NH4+ for all denuder laboratory blanks was 
0.034 ± 0.019 mg L-1. Mean NH4+ concentration for field blanks was 0.043 ± 0.020 mg L-1. For 
reference, mean NH4+ concentration across the full season was 0.144 ± 0.079 mg L-1 for up-draft 
denuders, 0.125 ± 0.056 mg L-1 for down-draft denuders, and 0.142 ± 0.102 mg L-1 for dead 
band denuders. Concentration of NH4+ in the laboratory DI water source was also measured each 
time denuders were extracted and was 0.0017 ± 0.0029 mg L-1 for the duration of the study. 
During the 2014 calendar year, the CAL instrument detection limit for NH4+ was 0.006 mg L-1, 
and the method detection limit for NH4+ was 0.017 mg L-1 (NADP 2018b). 
Results from the 39 REA sampling runs are presented in Table 2.4. Standard deviation of 
vertical wind speed (σw), average and maximum wind speed (uavg, and umax, respectively), θ, 
49:; , NH3 flux (G9:ó,,,,,,), β, peak footprint contribution distance (x_peak), and 10%, 30%, 50%, 
70%, and 90% flux footprint distances are presented as average values for each REA sampling 
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period. REA sampling runs are identified by DOY followed by -1 or -2 to denote morning and 




Table 2.4: Relaxed Eddy Accumulation (REA) system measurements of standard deviation of vertical wind speed (σw), average wind speed (uavg), 
maximum wind speed (umax), average wind direction (θ), NH3, concentration (CNH3), flux (!"#$%%%%%%), empirical REA coefficient (β), peak footprint 
contribution (x_peak), and 10%, 30%, 50%, 70%, and 90% flux footprint distances. Samples are identified by day number with -1 for morning and -2 




The mean observed !" during all REA sampling runs was 0.43 m s-1, consistent with 
values reported in the literature (Myles at al., 2007). One sample (DOY 126-2) was removed 
from further consideration based on the value of #. The observed mean and standard deviation of 
β was 0.58 ± 0.12, consistent with the theoretical expectation and other measurements presented 
in the literature (Table 2.5). 
Author Ecosystem Reported β 
Baker et al., 1992 
This study 
Theoretical value 
Corn (entire growing season) 
0.627 
0.58 ± 0.12 




0.57 ± 0.01 
0.55 ± 0.01 
0.56 ± 0.01 
Myles et al., 2007 Grassland 0.54 ± 0.12 
Meyers et al., 2006 Corn (at planting) Corn (at peak LAI) 
0.58 – 0.70 
0.32 – 0.98 
Zemmelink et al., 2002 Ocean 0.55 – 0.57 
Zhu et al., 2000 Corn 0.413 – 0.518  
Table 2.5: Summary of β values from this study and from the literature. Standard deviations are 
presented where available, otherwise maximum and minimum values are reported. 
Season average and standard deviation (DOY 115-273) of $%&'  from the REA method 
was 2.6 ± 2.0 µg m-3. $%&' measured using the REA method (for combined updraft, deadband, 
and downdraft conditions), Radiello® passive samplers at the study plot, and Radiello® passive 




Figure 2.14: NH3 concentration as measured at the study plot using REA and passive Radiello® 
samplers, and from the National Atmospheric Deposition Program (NADP) Ammonia 
Monitoring Network (AMoN) sampling site at Bondville, IL for DOY 115 - 248. Passive 
sampling occurred over two-week sampling periods.  
The mean monthly profile of NH3 concentrations as measured at the Ammonia 
Monitoring Network (AMoN) site at Bondville, Illinois from November 2007 through 2014 is 
presented in Figure 2.15. Measurements reported in this study occurred during the months of 
April through September, corresponding to months with historically elevated ambient NH3 
concentration near the study plot relative to winter months (Dec – Feb). Elevated NH3 
concentrations correspond to times of fertilizer application in the surrounding area (spring and 
fall applications), where fall applications are typically applied after soybean harvest in a corn-





Figure 2.15: Mean monthly NH3 concentration at the Ammonia Monitoring Network Bondville 
site, based on reported data from November 2007 through 2014. Error bars indicate standard 
deviation of measurements. For reference, measurements in this study occurred from April 
through September, 2014. 
A high degree of variability was observed, with $%&'  ranging from 0.26 µg m
-3 on July 
10 (DOY 191) to 8.11 µg m-3 on April 26 (DOY 116). This range is narrower than reported 
observations between 0.30 to 61.2 µg m-3 over a corn canopy at Lillington, NC, studied by 
Walker et al. (2013). Across all reported measurements, the REA denuder samples exhibited the 
highest CV (0.78), compared to CV = 0.46 for the passive samplers at the study plot, and CV = 
0.31 for the Bondville site. The higher variability of measurements from the REA method is 
attributed to the shorter averaging time (4 h) when compared to the passive samplers (bi-
weekly), thereby allowing the REA method to more readily capture temporal variation in $%&' .  
A common trend in results from all three $%&' sampling methods was that the highest 
concentrations occurred during the beginning of the growing season (i.e., before June 1, DOY 
152) when agricultural fertilization was occurring. Mean and standard deviation values for $%&'  
for the first two weeks following fertilization at the study plot from the REA system were 4.56 ± 

























temporal decreasing trend is consistent with other experimental observations (e.g., Walker et al., 
2013). 
Following a similar trend to that observed in $%&' , NH3 fluxes were highest immediately 
following fertilization and planting (DOY 127 – 159). The remaining samples (DOY 160 – 273) 
had smaller NH3 flux values, including 10 measurements of negative flux, indicating deposition 
to the surface (not including background measurements in March, 2015). Mean values of NH3 
flux, β, and ζ for each REA sampling run are presented in Figure 2.16. 
 
Figure 2.16: Mean values of NH3 flux, β, and ζ values for all REA sampling runs collected 
during the 2014 growing season. 
As discussed in Section 2.2.2.7, uncertainty in NH3 flux measured with REA was not 
quantified here, however, others have reported REA measurements to agree with direct EC 
measurements within +/- 20% (Oncley et al., 1993). No statistically significant difference 
between morning and afternoon samples was identified using a t-test at the 95% confidence level 
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whether the test was performed on all qualified samples or separately for qualified positive and 
negative fluxes. 50% of the morning samples exhibited negative fluxes compared to 22% of 
afternoon measurements. Of all qualified samples, mean positive flux was 233 ± 203 ng m-2 s-1 in 
the morning and 260 ± 253 ng m-2 s-1 in the afternoon. Mean negative flux was -45.3 ± 38.6 ng 
m-2 s-1 in the morning and -78.4 ± 74.9 ng m-2 s-1 in the afternoon. A summary of NH3 
concentration, flux ranges, and REA coefficient values for the full growing season and two sub-
periods is presented in Table 2.6. This table describes all results after eliminating outlier values 













All 2.6 2.0 -161,   800 0.58 0.12 
127 – 159 2.70 1.38 - 8.5,   800 0.57 0.11 
160 – 273 1.20 0.73 -161,   185 0.60 0.15 
Table 2.6: Values of average ambient NH3 concentrations and their standard deviations, ranges 
of qualified NH3 fluxes, and average and standard deviation REA coefficients for the complete 
growing season, 32 days post planting (DOY 127-159), and the remainder of the 2014 growing 
season. 
Correlation between NH3 flux and environmental parameters was investigated for both 
sub-periods defined above. Good correlation of NH3 flux with both wind speed (r = 0.54) and 
soil moisture (r = -0.75) was observed during DOY 127 – 159, while air temperature (r = 0.28) 
and soil temperature (r = -.02) were found to have weak correlation over the same period. No 
correlation with these parameters was found during DOY 160 – 273 (r < |0.1| for all parameters). 
This result suggests that localized environmental conditions have a greater impact on NH3 fluxes 
during the early season before canopy development.  
Processes resulting in the bi-directionality of NH3 flux exhibited during DOY 160 – 273 
are not well understood. Walker et al. (2006) reported highest deposition rates when the canopy 
was wet, while temperature can affect stomatal resistance and compensation point which are 
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linked to concentrations of apoplastic NH4+ and H+ (Wu et al. 2009). Additional targeted 
measurements are required to quantify the effect of the canopy and canopy evapotranspiration on 
NH3 flux. 
2.3.3 Objective 1c: Flux Footprint and Measurement Uncertainty 
Figure 2.17 presents wind roses from two REA sampling runs where the 90% flux footprint 
distance exceeded the study plot boundary (182 m on DOY 127-1 and 168 m on DOY 133-1). The 
shaded areas of the wind roses correspond to values of θ where neighboring fields were comprised 
of mixed crop types.  
 
Figure 2.17: Wind roses for DOY 127-1, when the 90% footprint was contained within fertilized 
corn (a), and DOY 133-1 when the 90% footprint was outside the study plot and included a mix 
of crops (b). The shaded area corresponds to values of wind direction, θ, with mixed crop types. 
The wind rose for DOY 127-1 shows that wind originated from the non-shaded area of 
the wind rose, indicating that corn was the contributor to the measured flux. However, on DOY 
133-1 wind originated from the mixed crop area in the west to northwest direction (285° < θ < 
315°) 32% of the time in the 4 h period, and was distributed along the boundary of the corn and 
mixed crops the remaining 68% of the time (255° < θ < 285°). In these example cases, DOY 
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127-1 was further evaluated to estimate the under-prediction of NH3 flux, while DOY 133-1 was 
not considered for further statistical evaluation due to contributions by mixed crop types. An 
analogous process was used to evaluate footprint contribution for all REA measurements. 
The largest footprints occurred during the pre-planting and post-harvest periods due to 
higher average wind speed and minimal plant canopy resulting in reduced surface roughness. 
Further, 90% footprint distances exceeded the boundary of the study plot during the first two 
weeks of sampling (DOY 126 – 138). As described above, one flux measurement (DOY 133-1) 
was removed from statistical consideration during this period due to contributions from non-corn 
crops. Ten REA sampling runs were identified between planting and harvest where the 90% flux 
footprint distance exceeded the boundary of the study plot but extended over the neighboring 
cornfield without passing by the nearby mixed crop areas. (Table 2.7).  
Day	 ES	 EN	 RS		 RN		 Ediff		
(DOY)	 (kg-N	ha-1	d-1)	 (kg-N	ha-1	d-1)	 (%)	 (%)	 (%)	
126-2	 0.21	 0.09	 61.8	 38.2	 -	21.8	
127-1	 0.38	 0.09	 58.4	 41.6	 -	31.8	
127-2	 0.38	 0.09	 57.7	 42.3	 -	32.3	
128-1	 0.51	 0.10	 58.2	 41.8	 -	33.6	
128-2	 0.51	 0.10	 57.6	 42.4	 -	34.1	
129-1	 0.61	 0.09	 58.1	 41.9	 -	35.7	
130-2	 0.57	 0.08	 55.7	 44.3	 -	38.1	
131-2	 0.70	 0.09	 58.9	 41.1	 -	35.8	
132-2	 0.68	 0.08	 62.3	 37.7	 -	33.3	
138-2	 0.26	 0.03	 72.8	 27.3	 -	24.1	
Table 2.7: Ediff represents the difference between experimentally measured emission and 
emission originating from the study plot alone based on DeNitrification DeComposition (DNDC) 
model runs for environmental and field management conditions measured during the REA 
sampling runs where the flux footprint exceeded the boundary of the study plot but was entirely 
over neighboring cornfields. ES and EN are DNDC emission estimates from the study and 
neighboring plots, respectively. RS and RN are the relative contributions to total flux from the 
study and neighboring plots, respectively. 
From Equation 2.2, measured flux during the ten sampling runs where the footprint 
exceeded the study plot was underestimated by 32% ± 5%. This value describes the difference 
between an ideal sampling case (i.e., one in which the study plot extends uniformly and infinitely 
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in all directions) and the actual case with non-uniform fields of finite size. Because the 
neighboring cornfield was fertilized 40 days earlier than the study plot, its expected peak NH3 
emissions occurred before any measurements at the study plot were made. Therefore, during the 
measurement period just after fertilization of the study plot, and in cases where the flux footprint 
extended over the neighboring corn field, the contributed flux from the neighboring field was 
lower than the flux contributed by the study plot alone, resulting in a lower average flux. Having 
established that DNDC can effectively capture spatial and temporal variation of NH3 fluxes as a 
function of environmental and farm management parameters from the measurement-modeling 
comparison study by Balasubramanian et al., (2017), using DNDC modeled estimates provided a 
method to quantify uncertainty ranges for the field measurements. 
2.3.4 Objective 1d: Comparison of NH3 Flux in Central Illinois with Other Studies 
As previously mentioned, Walker et al. (2013) studied a corn canopy in North Carolina 
using the modified Bowen ratio to measure NH3 fluxes over two-hour averaging periods. They 
reported a similar temporal profile with highest emissions occurring in the first 30 days post-
fertilization. The field studied by Walker et al. was fertilized (20 kg-N ha-1 as injected 
ammonium polyphosphate) and planted with corn from DOY 108 – 113. A subsequent side-dress 
application (134 kg-N ha-1 as UAN) was applied from DOY 145 – 149.  
Walker et al. (2013) divided fluxes into two periods: the first 31 days following side-
dress fertilizer application (DOY 149 – 180) and the remaining 32 days (DOY 181 – 213). 
Reported fluxes from Walker et al. (2013) are presented in Table 2.8 with results from this study 




Location DOY Days post- final fertilization 
Mean Flux 
± std. dev 
(ng m-2 s-1) 
Max. Flux 
(ng m-2 s-1) 
Min. Flux 
(ng m-2 s-1) 
Walker et al. 
(2013) Lillington, NC 
149 – 180 0 – 31 339.2 ± 601.7 6906 -42.5 
181 – 213 32 – 64 61.4 ± 10.2 3125.4 -230.4 
This study Urbana, IL 
127 – 159 1 – 33 359 ± 250 800 -8.5 
160 – 180 34 – 54 1.0 ± 54 71 -45 
160 – 273 34 – 147 -2.0 ± 91 101 -161 
Table 2.8: Comparison of measured flux results from Walker et al. (2013) and this study. Results 
by Walker et al. were reported as two time periods following fertilization that occurred twice 
during the crop season. Data from this study have been similarly reported. 
Though the general trend measured in this study is similar to results by Walker et al., the 
maximum positive flux reported by Walker et al. (6906 ng m-2 s-1) is higher than in this study 
(800 ng m-2 s-1), even if we correct for the underestimation predicted using DNDC modeling. 
Similarly, Walker et al. reported greater negative fluxes (-230.4 ng m-2 s-1) compared to the 
corresponding time period in this study (-45 ng m-2 s-1). The differences in measured maxima and 
minima between Walker et al. and this study may originate in differences in field management 
practices, measurement methods and averaging times, climatic and soil characteristics, and 
background conditions.  
The effect of differing field management practices, (i.e., date of fertilizer application, 
method of application, and amount of fertilizer applied) is likely the largest contributing factor to 
differences in measurements between the two sites (Balasubramanian et al., 2017). The higher 
maximum flux at the North Carolina site is attributed to the use of a side-dress application of 
UAN. In contrast to the Energy Farm study plot, where liquid UAN was spray applied and tilled 
into the soil within 4 h of application, the side dress application at the North Carolina site applied 
liquid UAN directly to the soil surface without incorporation into the soil. This surface 
application is more favorable to volatilization of NH3 because of direct exposure to solar 
radiation and higher soil temperatures at the surface (Watson et al., 1994). The difference in 
averaging time (1 h at North Carolina vs. 4 h at the Energy Farm) enables better quantification of 
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short-term peak fluxes at the North Carolina site that may otherwise not be resolved using a 
longer averaging interval. Because fertilization and planting dates are typically guided by soil 
and atmospheric temperature, climatic conditions are likely a lesser relative contributor to flux 
differences, though localized environmental conditions such as daily precipitation or cloud cover 
would have a contributing effect. However, such localized environmental impacts would exist 
between any comparison of field studies not conducted at the same site. While soil pH has been 
identified as having a significant impact on NH3 emission potential (Balasubramanian et al., 
2017), soils are typically managed to achieve a target pH. At the North Carolina site, soil pH was 
reported to range from 6.41 to 6.56, while the Energy Farm was managed to a target pH of 6.0 
(actual soil pH measurements are not available from the Energy Farm). 
We estimated NH3 loss relative to fertilizer applied for the full corn growing season (Loss 
for the Full Season) and during the first 21 days after fertilization (Loss in the First 21 Days) 
using mean and median NH3 flux values for each time period with timescale characterization 
similar to that reported by Walker et al. (2013) (Table 2.9). 
 Loss for the Full 
Growing Season Loss in the First 21 Days 
 Mean (%) Median (%) Mean (%) Median (%) 
Walker et al. (2013) 8.3 6.1 4.5 3.4 
This study 10.9 4.7 4.6 3.7 
Table 2.9: Comparison of integrated nitrogen loss from Walker et al. (2013) and this study for 
the full growing season (Loss for Full Season) and during the first 21 days after fertilization 
(Loss for First 21 Days). 
Though different field management practices were used, both fields were treated with a urease 
inhibitor concurrently with fertilization. NH3 loss during the periods presented in Table 2.9 is 
similar between these studies, with differences likely attributable to experimental error. NH3 
Loss in the First 21 Days after fertilization accounts for 79% of Loss for the Full Growing 
Season in this study compared to 56% as reported by Walker et al. This difference is attributable 
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to the longer duration of this study with more observations during low-emission periods and 
highlights the importance of early-season emissions in the overall NH3 emission profile. Future 
research should continue to focus on this early-season period, when the largest loss of NH3 
occurs. 
In considering these results with Walker et al. (2013), differences are also expected due 
to different field management practices. However, it is not straightforward to identify the 
relevant importance of such differences given that management practices, temporal resolution of 
measurements, and environmental conditions also have an effect. Quantification of the relative 
impact of such factors requires further detailed studies designed to control for such conditions. 
Such uncertainty could be resolved with systematic measurement studies that involve carefully 
controlled inter-comparisons in similar environments and measurement-modeling studies for a 
broad range of environmental conditions and farm management practices.  
2.4  Summary and Conclusions 
NH3 flux above a corn canopy in Central Illinois was measured using REA for the 
duration of the 2014 corn-growing season, including additional post-season background 
measurements collected during March 2015. High variability (CV = 1.93) in NH3 flux was 
observed throughout the season. Using median season-long flux measurements to estimate 
nitrogen loss, 79% of total loss was observed in the first 21 days post-fertilization. The greatest 
fluxes toward the atmosphere occurred in the first 30 days following fertilization when compared 
with the remainder of the season. Results from this field campaign exhibit a temporal pattern of 
emission similar to that reported by Walker et al. (2013) over a corn canopy in North Carolina, 
where highest emissions were observed during a 30 day period following fertilization. However, 
maximum and minimum fluxes reported by Walker et al. were both greater in magnitude than 
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those measured in this study (764% and 414%, respectively). Further studies are required to 
understand the cause of these differences in measured NH3 emissions from fertilized fields and 
for measurement method inter-comparison. 
This research represents the first reported measurements of NH3 flux over a corn canopy 
in the Midwest National Climate Assessment climate region, where NH3 emissions are 
dominated by chemical fertilizer application. Such measurements are important to improve 
understanding of NH3 emissions from this important, yet understudied ecosystem, particularly in 
the Midwest. Further, the data presented in this study are needed to assess closure between 
measurements and models of NH3 emissions for use in biogeochemical and chemical transport 
models to understand the impact of agricultural NH3 emissions on air quality and the global 




CHAPTER 3: INTER-COMPARISON OF RELAXED EDDY 
ACCUMULATION AND FLUX-GRADIENT MEASUREMENT 
METHODS* 
3.1 Research Motivation and Significance for Objective 2 
This chapter presents an inter-comparison of NH3 flux measurements above a corn 
canopy in Central Illinois, USA, using REA and FG measurement methods. This inter-
comparison provides important understanding of closure between the FG method when 
compared with the REA method, which has been more extensively used for NH3 flux 
measurement in varied ecosystems (Zhu et al., 2000; Meyers et al., 2006; Myles et al., 2007) and 
in Central Illinois (described in Chapter 2). Enhanced temporal resolution of NH3 flux 
measurements provided by FG is important to improve understanding of the impact of localized 
environmental parameters on NH3 flux intensity and to evaluate local and regional modeling of 
NH3 emission (Flechard et al., 2013; Walker et al., 2013). Further, continuous NH3 flux 
measurement is beneficial for characterizing diurnal patterns of NH3 flux, which has not 
previously been reported in the literature for typical field-management practices in Illinois.  
This research presents new 30 min averaged NH3 flux measurements using the FG 
method and inter-compares these results with concurrent REA measurements of NH3 flux over 
an intensively managed corn canopy in the Midwest US. These new measurements, and the inter-
comparison of experimental methods, are important to enhance NH3 emission model evaluations 
and to improve understanding of the impact of intensively managed agricultural ecosystems on 
air quality and the global Nitrogen Cycle. Given the dependence of NH3 fluxes on multiple 
                                               
* Reproduced in part with permission from A.J. Nelson, N. Lichiheb, S. Koloutsou-Vakakis, M.J. 
Rood, M. Heuer, L. Myles, E. Joo, J. Miller, and C. Bernacchi (2018) Ammonia Flux 
Measurements above a Corn Canopy using Relaxed Eddy Accumulation and a Flux-Gradient 
System. Submitted to Agr. Forest Meteorol. 2/12/18 (AGFORMET-D-18-00154) 
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parameters, this objective further highlights the need for increased spatial coverage and increased 
temporal resolution (e.g., < 1 h) of measurements to better understand the environmental impact 
of agricultural NH3 emissions and for evaluation of models describing surface-atmosphere 
exchange of NH3. Objective 2a describes the quantification of NH3 flux at the Energy Farm 
using the FG method with an automated exchange mechanism. Objective 2b provides an inter-
comparison of NH3 flux measurements using the REA and FG methods and details an analysis of 
cost and complexity associated with each measurement method. 
3.2 Methods 
3.2.1 Objective 2a: NH3 Flux Measurements* 
Complete descriptions of the study plot and field management practices are provided in 
Sections 2.2.2.1 and 2.2.2.2, respectively. The REA system was setup in the afternoon on DOY 
126, 4 h after planting of the study plot was complete. The FG system was setup over the 
following two days and was operational on DOY 129.  The study plot was serviced with two 20 
A electrical circuits, both of which were required to operate the computers and pumps associated 
with the measurement systems. The REA and FG systems were situated 5 m apart at the center of 
the study plot, fully surrounded by plants (Figure 3.1). 
                                               
* A brief note on my specific contributions to objective 2a: NOAA designed and constructed the 
FG system to quantify NH3 flux at the Energy Farm during the 2014 corn-growing season. I 
provided technical and field support to deploy and operate the FG system during this season. 
NOAA completed all initial calculations of NH3 flux using the FG system before providing data 
to me. I worked closely with NOAA colleagues on data quality and we collaboratively developed 




Figure 3.1: The relaxed eddy accumulation (left tower) and flux-gradient (right tower) 
measurement systems were located 5 m apart in the center of the study plot. 
3.2.1.1 Relaxed Eddy Accumulation System 
The REA system used for this objective is described in Section 2.2. The system was 
operated intermittently throughout the growing season, with more sampling concentrated during 
the first 30 days following fertilization. REA samples were collected from 07:30 – 11:30 and 
12:00 – 16:00 local time to represent average meteorological conditions and avoid sampling 
during atmospheric stability transitions at dawn and dusk. The REA system was not used to 
collect nighttime samples as it is not expected to perform well during highly stable atmospheric 
conditions (Fotiadi et al., 2005). 
3.2.1.2 Flux-Gradient System 
The FG technique is theoretically described by analogy to Fick’s laws of diffusion, with 
an assumption that turbulent transfer is analogous to molecular diffusion. The turbulent flux is 
therefore proportional to the product of the mean vertical mixing ratio gradient and the vertical 
eddy diffusivity, K (Baldocchi at al., 1988). By assuming mass and energy are transported by the 
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same eddies, eddy diffusivities are assumed equal among scalars and heat in the atmosphere. 
Hence, the FG technique assumes that the eddy diffusivity of each tracer gas is identical to the 
measured eddy diffusivity of heat (Hicks and Wesely, 1978). Based on this assumption, K is 
determined directly by combining the measured eddy covariance flux of temperature (FH) and 
gradient measurements of temperature and concentration. Thus, the NH3 flux from FG (FFG) is 
calculated using Equation 3.1: 
(+, = −/& 0
∆$%&'





where KH is the eddy diffusivity for sensible heat (m2 s-1), ΔCNH3 is the difference in NH3 
concentration (ng m-3) between two measurement heights, Δz is the vertical distance between the 
two measurement points (m) and ΔT is the corresponding difference in temperature (K). Eddy 
covariance measurements of temperature flux were used to determine KH (Myles et al., 2011). 
The FG system is graphically depicted in Figure 3.2. The vertical distance between the 
two measurement heights was kept constant (Δz = 1.3 m) with a lowest initial measurement 
height of z = 0.4 m above the ground prior to corn emergence. Sampling height was adjusted 
with an automated exchange mechanism (AEM) (REBS Inc.: Bellevue, WA). The AEM design 
was similar in principle to that described by Gay and Fritschen (1979). After emergence, 




Figure 3.2: Schematic of the flux-gradient (FG) sampling system with an automated exchange 
mechanism (AEM), cavity ring down spectrometer (CRDS), and polyvinylidene fluoride (PVDF) 
sampling tube. 
In order to determine KH, the sensible heat flux was measured by eddy covariance using a 
sonic anemometer (model 81000 VRE, R.M. Young: Traverse City, MI) placed at 1.5 m above 
the canopy. Temperature and 3D wind speed (u, v, w; m s-1) were measured with the sonic 
anemometer at 10 Hz using a custom Linux-based acquisition program developed by the NOAA 
ATDD (Oak Ridge, TN) (Meyers et al., 1996). Measurements of temperature at the lower and 
upper measurement heights were made with resistance thermometers (100 Ω Platinum 
Thermometer, Thermometrics Crop.: Northridge, CA) housed in aspirated radiation shields 
(model 43502, R.M. Young: Traverse City, MI) to minimize solar heating effects. 30 min 
average values of KH were calculated using Equation 3.2: 
/& = −
5′4′******






where 5′4′****** is the sensible heat flux (W m-2), overbars represent 30 min averaging, and primes 
denote instantaneous deviation from the mean. 
Concentration of NH3 was measured using a cavity ring-down spectroscopy (CRDS) 
instrument (model G2103, Picarro Inc.: Santa Clara, CA) at the upper and lower measurement 
heights. The lower detection limit of this instrument for NH3 is < 0.06 µg m-3 with an accuracy 
of (± 5 % of reading + 0.35 µg m-3) at a 300 s averaging time. CRDS is a laser absorption 
technique, which measures the lifetime of photons reflected between two mirrors in an optical 
cavity and determines the sum of sample extinction between the cavity mirrors, enabling 
quantification of NH3 concentration by the strength of near-infrared absorption. (Scherer et al., 
1997). The advantage of this method is that it allows absorption measurements using very long 
optical path lengths (effective path length up to 20 km) while maintaining a closed optical cell to 
enable single point measurements and limit contamination (Moosmüller et al., 2005).  
The CRDS instrument was connected to a rotary pump (model 0523, Gast Manufacturing 
Inc.: Benton Harbor, MI) sampling at 70 L min-1. The CRDS and pump were housed in an air-
conditioned enclosure unit in which the temperature was adjusted to 10 °C below ambient to 
prevent overheating. The CRDS was calibrated by the manufacturer, but before use an additional 
calibration was completed using a zero check and span adjustment according to manufacturer 
directions. The zero check was performed with ultrahigh purity nitrogen (99.999%) and the span 
adjustment was performed using 715.8 µg m-3 (1030 ppb) NH3 (NIST-traceable reference gas; 
Air Liquide: Plumsteadville, PA). 
An inlet tube was used to transfer air to the CRDS because it was housed in an enclosure 
and was situated in an agricultural field. Due to the high water solubility and polarity of NH3, the 
choice of the sampling tube material was carefully investigated. Polyvinylidene fluoride (PVDF) 
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was selected for use as the tubing material based on an experimental study by Vaittinen et al. 
(2014) that found it to be the least adsorbent polymer of five tested. An 8 m PVDF sampling tube 
(25.4 mm OD, 22.2 mm ID, McMaster-Carr: Elmhurst, IL) was used for the inlet line. The 
sampling tube was warmed with heating tape to 5 °C above ambient temperature to prevent 
condensation and limit NH3 loss. The sampling tube was attached to the AEM allowing vertical 
movement.  
NH3 fluxes were continuously monitored (24 h/day) during the first three months of the 
2014 corn-growing season (DOY 129 – 212), starting two days after fertilization and planting. 
NH3 concentrations were averaged over 30 min. Due to precipitation events that blocked the 
sonic anemometer, 1.5% of overall samples were not collected. Furthermore, data corrections 
were conducted due to increasing pressure drop across the CRDS internal filter over time due to 
aspirated particulate dust which contributed to increased response time. The response time of the 
FG system was measured at the beginning and end of the experiment, then corrected using the 
method of McCarthy (1973), based on a least squares exponential curve fit. The response time 
for the correction ranged from 4.8 min to 10.5 min. NH3 data were smoothed to remove noise 
using a cubic spline filter. Data were further processed by removing measurements where the 
magnitude of the measured NH3 flux exceeded the population mean by more than five standard 
deviations. 
NH3 flux was calculated in 30 min averages (FG30min) using the FG method. 
Subsequently, 240 min average fluxes (FG240min) were calculated from these data to compare 
with the timescale of REA measurements. FG240min was calculated as a moving boxcar average, 




3.2.1.3 Flux Footprint Analysis 
Flux footprint was calculated for all REA and FG sampling periods using the EddyPro 
software package (Version 5.1.1, LI-COR: Lincoln, NE) (Nelson et al., 2017). Footprint was 
calculated for NN% = 10%, 30%, 50%, 70%, and 90% distances, where NN% distance 
corresponds to the calculated radius (r) of the area that contributed NN% of the total measured 
flux. The flux footprint calculation was used to select REA and FG samples where significant 
measured NH3 flux originated from within the study plot (i.e., 70% and 90%). Samples were 
selected by comparing the 70% and 90% footprint distances corresponding to the shortest 
boundary of the study plot, r = 100 m. For example, if r70% < 100 m for a particular sample, it 
was selected for further analysis. 
3.2.2 Objective 2b: Inter-comparison of REA and FG Measurements 
All REA and FG measurements were compared to determine the total number of 
concurrent measurements after qualification using both the 70% and 90% footprint distance. For 
any 4 h REA measurement, an FG measurement was considered to be concurrent if there were at 
least 3 h of overlapping data. This data qualification procedure based on footprint analysis 
ensures that reported data are representative of fluxes from the study plot and mitigates the 
influence of NH3 emissions from neighboring fields. 
Data were analyzed to investigate correlation and closure between coincident (:;<  and 
(+,=>?@AB  data. The Pearson correlation coefficient ($CDDEF(GHI, (K)) was calculated for all 
coincident measurements using Equation 3.3: 
$CDDEF((K, GHI) =
∑((+,=>?@AB − (+,=>?@MB************)((:;< − (:;<******)





A nonparametric Wilcoxon ranks sum test was also used to evaluate whether there was 
statistically significant difference among the two measurement methods at a 0.95 confidence 
level (Walker et al., 2013). 
3.3 Results and Discussion 
3.3.1 Objective 2a: NH3 Flux Measurements using Flux-Gradient 
3.3.1.1 Full-Season Flux Measurements 
Full-season NH3 flux measurements from the REA and FG methods are presented in 
Figure 3.3A. FG measurements in Figure 3.3A, reported as 30 min averages (FG30min), are 
selected based on footprint according to the method described in Section 3.2.1.3. 
 
 
Figure 3.3: (A) NH3 flux as measured using relaxed eddy accumulation (REA) and 30 min 
averaged flux-gradient (FG30min) systems at the study plot for the full growing season 
(fertilization occurred on DOY 126). (B) Soil temperature (30 min average) and precipitation (30 



























































Mean soil temperature was 21.4 ± 4.4 °C, with lowest temperatures observed shortly 
following fertilization (DOY 133 – 140), when mean soil temperature was 13.5 ± 4.6 °C (Figure 
3.3B). Total precipitation for all data reported in Figure 3.3B was 1082 mm as rain.  
A summary of mean, maximum, and minimum NH3 flux measured using REA and FG 
are presented in Table 3.1. FG results presented in Table 3.1 are divided into FG30min and 
FG240min data. Further, daytime and nighttime mean fluxes are provided for the FG method. REA 
results are not divided into daytime and nighttime measurements because REA was not used for 
nighttime measurements.  
 NH3 Flux (ng m-2 s-1) 
 REA FG30min FG240min 
All data    
Mean 147 ± 284 23.9 ± 148 12.4 ± 73.2 
Maximum 800 2312 1023 
Minimum -161 -400 -93 
Daytime - - 25.9 ± 93.5 17.0 ± 85.4 
Nighttime - - -0.23 ± 0.23 0.1 ± 0.1 
DOY 126 - 156    
Mean 431 ± 204 29.4 ± 169 24.0 ± 103 
Daytime - - 53 ± 159 34.4 ± 122 
Nighttime - - -0.5 ± 9.0 0.4 ± 6.0 
After DOY 156    
Mean 13.7 ± 99.2 0.8 ± 23.3 1.1 ± 7.1 
Daytime - - 1.4 ± 21.1 1.6 ± 7.7 
Nighttime - - 0.0 ± 2.0 -0.2 ± 1.8 
Concurrent data    
Mean 205 ± 300 - - 110 ± 256 
Table 3.1: Summary of all NH3 flux measurements using relaxed eddy accumulation (REA) and 
flux gradient (FG) methods. FG30min data correspond to 30 min average fluxes using FG, and 
FG240min are 240 min averages. Data are further subdivided based on the first 30 days after 
planting (DOY 126-156) and the remainder of the season (after DOY 156), where DOY is “day 
of year”. 
Mean NH3 fluxes over the entire growing season were 147 ± 284 ng m-2 s-1 and 23.9 ± 
148 ng m-2 s-1 with REA and FG30min data, respectively. The difference in mean flux measured 
with each system is attributed to the higher temporal resolution of the FG system, resulting in FG 
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measurements across more environmental and atmospheric conditions, including measurements 
of deposition during nighttime and more measurements during daytime  
3.3.1.2 Early Season Emission and Impact of Timescales 
A similar emission trend was observed using both measurement methods. That is, peak 
NH3 emission occurred during the first 30 days after fertilization followed by lower emissions 
for the remainder of the corn-growing season. Figure 3.4 presents measurements using REA and 
FG30min for the first 30 days following fertilization as well as precipitation and soil temperature 
data for the same time period. 
 
 
Figure 3.4: (A) Relaxed Eddy Accumulation (REA), 30 min flux-gradient (FG30min), and 240 min 
flux-gradient (FG240min) measurements of NH3 flux during the first 30 days after fertilization. 
Error bars for the FG240min maximum represent the standard deviation of eight averaged 30 min 


































































Maximum observed NH3 emission was 800 ng m-2 s-1 with REA and 2312 ng m-2 s-1 with 
FG30min. The REA emission peak was observed during the 12:41 – 16:49 averaging interval on 
DOY 132 while the FG30min peak was observed on the same day during the averaging period at 
15:30 – 16:00 (all reported as local time). While the averaging periods for both maxima overlap, 
results from the FG30min measurements indicate a high amount of variability. FG30min 
measurements ranged from -157 to 2312 ng m-2 s-1 between 13:00 and 17:00 on DOY 132 with 
standard deviation of 762. Though the net flux during this time period was positive, there was 
one FG30min sample where deposition was observed (15:00 – 15:30). 10 mm precipitation as rain 
occurred on DOY 131, followed by a cold front, resulting in reduced soil temperature from a 
maximum of 30.9 °C in the afternoon on DOY 130 (Figure 3.4B) to a maximum of 13.2 °C in 
the afternoon on DOY 134. Soil temperature did not return to 30.9 °C until DOY 141 in the 
morning. 
To further investigate the effect of averaging time on the observed variability of NH3 
flux, REA measurements were compared with FG measurements averaged to 240 min intervals 
(FG240min). Maximum emission was again observed in the afternoon on DOY 132 for both 
systems, where max REA flux was 800 ng m-2 s-1 from 12:41 – 16:49 and FG240min maximum 
was 1023 ± 762 ng m-2 s-1 from 12:00 – 16:00, reported as the mean FG240min value with standard 
deviation of the eight averaged FG30min measurements. No error bars are presented for REA or 
FG30min measurements because each data point represents a single measurement. Error bars are 
presented for the FG240min maximum because this data point represents an average of eight 
FG30min measurements. Error bars are not shown for all FG240min data to maintain clarity of the 
figure. The REA and FG240min flux maxima are not statistically different at 95% confidence level, 
due to the high standard deviation of the FG240min measurement. The FG240min peak was shifted 
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earlier in the day by 0.75 h when compared to REA because emissions were generally higher 
earlier in the afternoon. 
The maximum 240 min averaged fluxes measured in this study are consistent with values 
of midday flux of 700 ± 1100 ng m-2 s-1, reported by Walker et al. (2013). However, the FG 
system is capable of resolving the early season emission trend in higher resolution than 
previously reported in the literature using accumulating NH3 flux measurement techniques 
(Nelson et al., 2017; Walker et al., 2013). This increased temporal resolution provides new 
information about non-stationarity in the NH3 emission profile, where short-duration emission 
pulses vary in intensity by multiple orders of magnitude within a 4 h period. Further, the FG 
method provides an advantage over accumulating methods in that higher time resolution 
measurements subject to footprint distances that exceed the field boundary can be readily 
removed. It is therefore possible to collect more data when surface roughness and canopy height 
are low, corresponding to larger footprint distances. Such data are important to more fully 
understand the mechanism and profile of NH3 fluxes.  
Two different periods of elevated NH3 emission were measured using the FG system: the 
first occurring during DOY 130 – 132, and the second during DOY 140 – 143. The timing and 
occurrence of these two distinct periods are attributed to environmental conditions (i.e., 
precipitation and soil temperature) and the use of urease inhibitor during fertilization. Previous 
studies have found elevated NH3 emission to be correlated with higher temperatures (Sharpe and 
Harper, 1995; Balasubramanian et al., 2017). The highest FG30min emission (2312 ng m-2 s-1) was 
observed in the afternoon on DOY 132. This was followed by intermittent precipitation 
beginning at 23:00 on DOY 132 through 12:30 on DOY 136 resulting in a total rainfall during 
this period of 55 mm. Soil temperature subsequently reduced from 22.5 ± 2.8 °C on DOY 132 to 
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a minimum of 11.6 ± 4.0 °C on DOY 137 (where temperatures are reported as average of 26 
daytime measurements), and lower NH3 emission was observed. Soil temperature then increased, 
reaching 24.4 ± 4.9 °C on DOY 140, concurrent with the second elevated emission period. 
Beside meteorological parameters, the timing of the NH3 emission peaks can be 
influenced by the properties of the applied fertilizer. Walker et al. (2013), observed two periods 
of elevated NH3 emission following application of 134 kg-N ha-1 UAN with Agrotain®: one 
during the first week after fertilization (500 ng m-2 s-1) and a second during the third week after 
fertilization (700 ng m-2 s-1). Walker et al. attributed the emission profile to the effect of the 
urease inhibitor, where the first period is attributed to the NH4+ fraction of the UAN volatilizing 
as NH3, and the second period corresponds to reduced effectiveness of the urease inhibitor, 
resulting in hydrolysis of urea to NH4+ and subsequent volatilization as NH3. 
The profiles reported here and by Walker et al. (2013) differ from those reported by 
Rawluk et al. (2001) and Engel et al. (2011) during focused studies on the effect of urease 
inhibitor. In seven of eight field trials using chamber measurement methods, Rawluk et al. 
reported an emission profile with two periods of elevated NH3 emission in only one trial. Engel 
et al. (2011) reported NH3 emission peaks occurring 20 – 40 days after fertilization across 12 
field trials, and presented no cases in which a bi-modal pattern of emission was observed. It is 
important to note that the study by Engel et al. was conducted over cold soils (-2 to 5 °C), so the 
magnitude of the time delay is expected to be increased when compared with this study. 
However, both of these studies were conducted using integrated sampling methods, with 
averaging intervals of one to four days by Rawluk et al., and five to seven days by Engel et al. 
Due to the short duration (< 2 days) of the first elevated emission period reported both in results 
presented here and by Walker et al. (2013), it is possible that such a peak would not have been 
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observed using longer averaging intervals (i.e., days). Further research is required to quantify the 
effect of urease inhibitor at the field scale relative to local environmental conditions. 
3.3.1.3 Diurnal NH3 Emission 
A dynamic deadband was used in the REA system to increase the relative measured 
concentration of NH3 in up- and down-draft denuders (Bowling et al., 1999). This approach 
helps to more effectively resolve NH3 flux during turbulent conditions but can result in reduced 
data quality during neutral and stable nighttime conditions. As such, the REA method as used in 
this field campaign is not a suitable approach to measure nighttime NH3 fluxes (Fotiadi et al., 
2005). 
Conversely, the FG method does not rely on turbulent eddies to trigger conditional 
sampling during up- and down-drafts. This enables the FG method to quantify flux across a 
broad range of atmospheric stability, including nighttime conditions. Additionally, the shorter 30 
min averaging period reduces the impact of atmospheric non-stationarity on data quality. A clear 
diurnal pattern of NH3 flux was observed, in which the highest positive fluxes and greatest 
variability in flux (as characterized by standard deviation) occurred during daytime hours. Mean 
NH3 flux and standard deviation for each 30 min period across all qualified measurements are 




Figure 3.5: Diurnal pattern of NH3 emission as measured using the flux-gradient method, where 
solid bars indicate mean NH3 flux during each 30 min period and error bars represent standard 
error. 
For the entire growing season, mean daytime FG30min flux was 25.9 ± 93.5 ng m-2 s-1, 
while mean nighttime flux was -0.23 ± 0.23 ng m-2 s-1. When calculated for the first 30 days after 
fertilization (DOY 126 – 156), mean daytime flux was 53 ± 159 ng m-2 s-1, compared to 
nighttime flux of -0.5 ± 9.0 ng m-2 s-1. Following the first 30 days after fertilization, emission to 
the atmosphere was markedly lower during the daytime for the subsequent 30-day period (DOY 
157 – 186), where daytime flux was 1.4 ± 21 ng m-2 s-1, and 0.04 ± 2.1 ng m-2 s-1 during 
nighttime.  
3.3.2 Objective 2b: Inter-comparison of REA and FG Measurement Methods 
3.3.2.1 Inter-Comparison of Concurrent Measurements 
After FG data qualification for r90% < 100 m and r70% < 100 m, remaining measurements 
were compared to determine total concurrent samples (Table 3.2). 
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 Number of Measurements (N) 
 Total r70% < 100 m r90% < 100 
REA 39 23 22 
FG  2782 1178 896 
Concurrent (4 h) 10 10 7 
Concurrent (30 min) 82 82 57 
Table 3.2: Total number of relaxed eddy accumulation (REA) and flux-gradient (FG) 
measurements, remaining qualified measurements after using 70% and 90% footprint distance, 
and concurrent REA and FG samples, where “4 h” indicates measurements were concurrent 
during the entire 4 h REA interval and “30 min” indicates a coincident REA measurement 
occurred during a 30 min FG measurement. 
The REA system was operated most regularly during the first 30 days after fertilization, 
as this was the period of greatest interest for NH3 flux measurement (Nelson et al., 2017). 
Therefore, it was also expected that the most concurrent REA and FG measurements would 
occur during this part of the season. However, challenges associated with the operation of the FG 
system at the beginning of the season limited the total number of concurrent measurements 
during this period. For the 70% footprint condition, six concurrent measurements were collected 
between DOY 131-158, while three concurrent measurements were collected for the 90% 
footprint condition. Since the early-season period is of most interest for NH3 emissions (Walker 
et al., 2013; Nelson et al., 2017), the 70% footprint condition was used for the purpose of method 




 OPQR******* (ng m-2 s-1-) 
DOY REA (Nelson et al., 2017) 
FG 
(r70% < 100 m) 
FG 
(r90% < 100 m) 
131 682.1 379.1  
132 799.6 752.6  
133 191.3 -35.9  
157 -8.5 5.0 5.0 
158_1 130.8 -0.2 -0.2 
158_2 254.5 -0.5 -0.5 
178_1 -36.6 -0.1 -0.1 
178_2 14.3 -0.1 -0.1 
179_1 71.2 0.04 0.04 
179_2 -44.8 0.01 0.01 
All 205 ± 300 110 ± 256 0.6 ± 2.0 
Table 3.3: Summary of all concurrent relaxed eddy accumulation (REA) and flux-gradient (FG) 
measurements. REA measurements were footprint-corrected according to the method described 
in Chapter 2. FG measurements were averaged to a 4 h interval, after 70% and 90% footprint 
qualification, where _1 and _2 indicate morning and afternoon measurements, respectively. 
$CDDEF(GHI, (K) for all concurrent r70% measurements, averaged to the 4 h REA 
averaging interval, was 0.91, indicating a strong correlation between the flux trends observed 
with both systems at the timescale of REA measurement. Measurements from both systems were 
in agreement using the Wilcoxon rank sum test at a 0.95 confidence level.  
Later season REA flux measurements (i.e., after DOY 157) were lower when compared 
with DOY 126-157, with mean measured flux of 14 ± 99.2 ng m-2 s-1. For concurrent samples 
during DOY 158-179, mean flux with REA was 57.3 ± 106 ng m-2 s-1, compared to -0.50 ± 5.10 
ng m-2 s-1 with FG240min. The FG method did not further resolve flux variability with 30 min or 
240 min measurements during this period ((K)?@MB*********** = 0.8 ± 23.3 ng m-2 s-1; (K=>?@MB************ = 1.1 ± 7.1 
ng m-2 s-1).  
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3.3.2.2 Benefits and Limitations of Measurement Methods 
The REA method has been well-documented in literature for use in measuring trace 
atmospheric fluxes of NH3 from fertilized fields (Myles et al., 2007; Walker et al., 2013; Nelson 
et al., 2017). However, these field campaigns have either been focused on a short period (1 – 3 
months) of the total growing season (Myles et al., 2007; Walker et al., 2013) or limited in total 
number of measurements (N = 35) across a full growing season (Nelson et al., 2017). This is 
largely due to the labor required to operate an accumulating system coupled with the need for 
subsequent laboratory analysis of samples. It is necessary when operating such a system to have 
personnel on site at the beginning and end of each measurement interval. Further, samplers must 
be prepared and extracted in a controlled laboratory environment and stored under refrigeration. 
While not insurmountable, these challenges add to the complexity of using a REA system, under 
realistic field conditions. 
The FG system was designed for near-autonomous, continuous operation under field 
conditions, though visits were required on a weekly basis to adjust the AEM and reference sonic 
anemometer and to install a clean inlet. However, the complexity of the FG system led to 
additional downtime due to equipment malfunctions and required frequent maintenance and 
adjustment. The length of the sampling line, combined with repeated vertical movement of the 
AEM, resulted in kinking of the sampling line on multiple occasions. Challenges with the 
sampling line heater also resulted in condensation of water in the sample lines during periods of 
high relative humidity. Future research focused on technical improvements of the system could 
resolve some of these issues.  
Though the complete REA system does require more regular field visits for operation, it 
benefits from being relatively inexpensive (< $10,000 equipment and installation costs) to deploy 
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in the field. When compared with the complete FG system (> $100,000 equipment and 
installation costs), the cost of deploying a REA system has significant advantages when seeking 
to measure NH3 emissions from a diverse range of field conditions, crop types, and agricultural 
practices. However, for situations where it is desirable to obtain higher time resolution emission 
and deposition fluxes in the first several weeks after fertilization, the REA method cannot 
provide the high temporal resolution that is possible with FG. 
3.4 Summary and Conclusions 
This research presents the first inter-comparison of NH3 flux measurements using the 
relaxed eddy accumulation (REA) and flux gradient (FG) methods in the Midwest US. This 
inter-comparison was conducted using measurements collected above an intensively managed 
corn canopy in Central, Illinois, USA, thereby providing important new data regarding NH3 
fluxes under meteorological conditions in this area. Use of the FG system enabled temporal 
resolution of early-season peak fluxes greater than those previously reported using accumulating 
measurement methods. Results from the REA and FG system were highly correlated, with 
Pearson correlation of 0.91 between the two systems, when measurements at the same averaging 
time (4 h) were compared.  
The FG system resolved two distinct periods of elevated early-season emission (DOY 
130 – 132 and DOY 140 – 143). This was made possible by the advantage of 30 min sampling 
and straightforward removal of data when large footprint conditions were observed. The ability 
to accurately quantify fluxes over the 4 h REA averaging interval was limited during the second 
elevated emission event due to high winds and low surface roughness. The two periods of 
elevated emissions are attributed to a combination of the effect of localized environmental 
conditions (i.e., precipitation and soil temperature) and nBTPT urease inhibitor. Further research 
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is needed to understand the extent of the impact of these factors on early-season emission and to 
improve evaluation of process-based models with increased temporal resolution (i.e., < 1 h). 
Inter-comparison of the two measurement methods indicated that both methods are in 
good agreement with respect to 4 h average NH3 fluxes. The FG system was able to resolve 
temporal variability in 30 min intervals that was not possible using the REA system. However, it 
was also sensitive to mechanical failure and extreme weather conditions, which resulted in loss 
of data during the corn growing season. The REA method is labor-intensive, and needs be 
supported by strict quality assurance and quality control procedures for measurement of the 
typically low ambient NH3 concentrations. The integrated nature of REA sampling often 
necessitates long fetch that can be challenging to achieve in many field conditions. When taken 
with other measurement considerations such as cost of equipment and operation, it is clear that 
there are tradeoffs needing careful consideration before implementing the methods in different 
environments. It appears that further method development and inter-comparison in diverse 
climatic, topographical, and land-use environments are essential to assist improved 
understanding of the spatial and temporal variability of biosphere-atmosphere NH3 flux from 
agricultural fertilizer application and to facilitate evaluation of numerical models describing NH3 




CHAPTER 4: EVALUATION OF THE DENITRIFICATION 
DECOMPOSITION MODEL FOR QUANTIFYING AMMONIA FLUX* 
4.1 Research Motivation and Significance for Objective 3 
There is a need for increased measurement of fine spatial resolution (1 km radius) NH3 
emissions combined with collection of ancillary data to improve the accuracy of NH3 emission 
models which serve as inputs to regional air quality models (Cooter et al., 2010; Flechard et al., 
2013). Biogeochemical models such as DNDC can be employed to characterize temporal trends 
of NH3 flux by accounting for the biological, chemical, and physical processes that drive NH3 
exchange between the biosphere and atmosphere. Evaluation of closure between experimental 
measurements and modeled results is important to enable future research focused on modeling of 
NH3 fluxes at a regional scale for input to air quality and chemical transport models. This 
process of expanding from site-scale to regional-scale modeling is known as upscaling. 
However, before upscaling of NH3 flux models can be implemented more broadly, modeled 
outputs must first be evaluated in the context of experimental measurements at the site scale (i.e., 
a single farm). Objective 3 addresses this need by coupling site-scale NH3 emission 
measurements with measurement of ancillary environmental parameters to evaluate closure with 
a DNDC NH3 emission model. 
Models such as DNDC parameterize pathways of evolution for different trace gas fluxes 
with different degrees of detail. It is therefore important to evaluate the model for each of its 
trace gas outputs under different environmental conditions, crops, and management practices in 
different localities (Bennett et al., 2013). Results from this research respond to the need of 
                                               
* Reproduced in part and adapted with permission from S. Balasubramanian, A.J. Nelson, S. 
Koloutsou-Vakakis, J. Lin, M.J. Rood, L. Myles, C. Bernacchi (2017) Evaluation of 
DeNitrification DeComposition model for estimating ammonia fluxes from chemical fertilizer 
application, Agr. Forest Meteorol. 237–238, 123-134. 
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evaluating DNDC for NH3 flux with experimental results, at a location in the Midwest US and 
are important to guide future efforts to: (1) further improve DNDC predictions; (2) facilitate 
quantitative estimates of NH3 fluxes and associated uncertainties for use in emission inventories, 
and (3) test the model as a tool for upscaling NH3 emissions from the site to the regional scale. 
Objective 3 is comprised of three sub-objectives. Objective 3a is focused on the development of 
input data sets from measurements collected at the Energy Farm and other available data sources. 
Objective 3b develops a new method to estimate closure between modeled and measured NH3 
flux using an inhomogeneous measurement study domain. Objective 3c evaluates closure 
between DNDC modeled NH3 emissions and measurements described within Objectives 1 and 2. 
4.2 Methods* 
4.2.1 Objective 3a: Development of Input Datasets for DNDC Model Runs 
DNDC (version 9.5, downloaded January 2014) models variations in trace gas fluxes at 
the site scale as a function of weather, soil, crop growth and field management practices (Li, 
2000). Input data are used to model the evolution of soil climate and processes in the soils such 
as nitrification, denitrification and decomposition that produce trace gas fluxes. NH3 fluxes are 
estimated within the decomposition sub-model. In the model, NH3 flux is regulated by soil 
ammonium concentration (generated by the turnover of soil organic matter), soil pH, and 
ambient temperature (governing the partitioning of NH3 between liquid phase in soil and gaseous 
                                               
* A brief note on my specific contributions and those of my colleagues for work 
described within Objective 3.  All DNDC model runs were completed by Srinidhi 
Balasubramanian alone. I worked collaboratively with Ms. Balasubramanian and colleagues at 
UIUC, ISWS, and NOAA to develop input data sets described in Objective 3a, specific modeling 
cases and methods for footprint evaluation in Objective 3b, and methods for closure evaluation 




phase in soil pores). Volatilization of NH3 to the atmosphere from soil pores is controlled by 
diffusion as a function of porosity and clay content (Li, 2000). NH3 deposition is modeled based 
on atmospheric NH3 concentrations and deposition velocity adjusted for LAI, crop nitrogen and 
leaf surface moisture (Li, 2000).  
4.2.1.1 Layout of Study Plot and Neighboring Agricultural Fields 
Measurements using the REA method at the Energy Farm study plot, described in 
Chapter 2, were used for the model evaluation presented in this Chapter. The surrounding 
agricultural fields are described in Figure 4.1, where plot 1 is the corn study plot described in 
Chapter 2. Surrounding plots were planted with miscanthus (Miscanthus x giganteus, plot 2), 
switchgrass (Panicum virgatum L., plot 3); and a mix of 28 native prairie species (plot 4) during 
the 2014 growing season. Privately owned corn fields (plot 5) were located to the south and 
southwest. Alfalfa fields (plot 6) were located southeast of the Energy Farm.  
 
Figure 4.1: Layout of the Energy Farm in Urbana, Illinois (plots 1-4). Relaxed eddy 
accumulation and flux-gradient measurements occurred in plot 1 (fully described in Chapters 2 
and 3). Adjoining plots were planted with miscanthus (plot 2), switchgrass (plot 3), mix of 28 
native prairie grasses (plot 4). To the south of the Energy Farm, crops included corn (plot 5) and 
alfalfa (plot 6). 
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4.2.1.2 Modeling Scheme and Input Data 
For the measurement-model comparison study, the 90% footprint of the REA tower at the 
measurement site was considered. The method for REA footprint correction is described fully in 
Section 2.2.3. For the cases when the 90% REA footprint exceeded the boundary of plot 1, 
contributions from the surrounding crops (plots 2-6) were also estimated by running DNDC with 
the parameters of the respective ‘sites’. Plots 2-6 were only modeled with DNDC when 90% 
footprint distance exceeded the boundary of plot 1 and wind roses (described in Section 2.3.3) 
showed wind originating from the direction of a particular plot (e.g., if wind originated from the 
southwest, plots 1, 2, and 5 were modeled). 
For each plot, input data were first obtained from field records or, where unavailable, 
from regional databases or literature. Daily ambient temperature, wind speed, precipitation, solar 
radiation and humidity for years 1999-2014 were obtained from the ICN site at Bondville (15 km 
west of plot 1) (ISWS, 2018). Local site measurements of temperature and wind speed 
substituted the ICN data when available (April to October 2014). Ambient NH3 concentration 
(NADP, 2017b) and NH4+ wet deposition data were obtained from observations at Bondville 
(NADP, 2018). Soil pH, bulk density and soil organic carbon were obtained from Energy Farm 
records (communication with Energy Farm manager Timothy Mies and field research specialist 
Michael Masters). These data resulted from analysis of bulk soil with 5 cores taken at each plot 
in April 2014 at depths of 0 – 10 cm and 10 – 30 cm. Soil texture (loam), clay content and 
porosity were obtained from the Web Soil Survey (USDA, 2015a). Saturation field capacity 
(water filled porosity at saturation field capacity, henceforth referred to as field capacity) and 
wilting point were obtained from measurements reported by the ICN for the Bondville site 
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(ISWS, 2018). Crop type, fertilizer type, amount of nitrogen applied, and fertilization, harvest, 
and plating dates for all plots are provided in Table 4.1. 













Plot 1 Corn 28% UAN 168 126 126 310 
Plot 2 Miscanthus urea 56 102 144 326 
Plot 3 Switchgrass urea 56 102 78 332 
Plot 4 Restored prairie None - - 149 324 
Plot 5 Commercial corn 28% UAN 180 86 113 310 
Plot 6 Alfalfa None - - 113 - 
Table 4.1: Field management practices for all modeled plots. 
 
Default values from DNDC’s crop library were considered for corn and soybeans, except 
for growing degree days, which were obtained from ICN Bondville data (ISWS, 2018). Crop 
parameters for switchgrass and miscanthus were added to the DNDC crop library based on 
Heaton et al. (2008). Harvest for switchgrass and miscanthus was assumed to occur the year after 
planting. Default values from DNDC’s crop library were used for prairie grass and alfalfa. A 
corn-soybean rotation was considered for years 1999 – 2005 and fertilizer management practices 
were developed following seasonal nitrogen management data (Balasubramanian et al., 2015). 
Turnover of cropland to establish the Energy Farm in years 2006 – 2007 was modeled as fallow 
land. For years 2008 – 2014, planting and harvest dates, fertilizer type, application amount and 
timing, and tillage dates were obtained from Energy Farm records for all plots (personal 
communication with Energy Farm manager, Timothy Mies). These baseline inputs were used to 
initialize independent DNDC model runs for crop plots 1 – 6 to model daily NH3 fluxes for the 
year 2014. To minimize impact of initial conditions, a spin up period of 15 years was used 
(Fumoto et al., 2008; Perlman et al., 2013).  
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4.2.2 Objective 3b: Closure Evaluation in Inhomogeneous Field Conditions 
A new method was developed to evaluate closure between modeled results and 
measurements from an inhomogeneous study domain. This was required to account for fluxes 
from surrounding crops for time periods when the REA footprint extended outside plot 1 and to 
account for the difference in time resolution between model predictions (daily) and 
measurements (4 h). The 90% REA footprint was first calculated for each measurement period, 
as described in Section 2.2.3). If the 90% footprint was less than 100 m (the minimum distance 
from the REA tower to edge of plot 1), measured NH3 flux was assumed to include contributions 
only from plot 1. Otherwise, fluxes from plots 2-6 were also accounted. For measurement 
periods with 90% REA footprints exceeding 100 m, the 30%, 50% and 70% footprints were 
additionally calculated, and interpolation was performed to identify the percentage of flux 
contribution to REA measurements at 100 m and 141 m, corresponding the nearest edge and 
farthest corner of the study plot to the measurement tower, respectively: 
SS% = 100((C1 ∗ G>) + (C2 ∗ G)) + (C3 ∗ G=) + (C4 ∗ G)) Equation 4.1
where C1, C2, C3, and C4 are empirically derived coefficients and R is the footprint radius (m).  
Prevailing wind direction was determined using wind roses for each measurement period. 
Wind direction was used to identify which contributing plots to consider. Frequency of wind 
from each direction was used to adjust the modeled flux at the measurement site by weighing the 
contributing fluxes relative to the REA footprints. The estimated NH3 flux at the study plot was 
then calculated based on contributions of the study plot and neighboring fields: 





where bcd is the fractional contribution of flux to (%&),]^]_`, and (5h)A is the fraction of time 
that wind originated from the direction of plot i, as determined by analysis using wind roses. 
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Estimated NH3 flux at the measurement site (FNH3,total) is comprised of contributions from plot 1 
(P1) and outside plot 1 (i.e., plots 2, 3, 4, 5). (FNH3)P1 represents the modeled NH3 fluxes using 
DNDC for plot 1. Similarly, (FNH3)i refers to modeled fluxes using DNDC for plots i={2, 3, 4, 
5}. The contribution of fluxes from outside plots were weighed using the fraction fP1 and (wd)i as 
described below.  
The fraction fP1 was estimated as follows: for measurement periods when REA footprint 
was smaller than 100 m, fP1 = 1. When REA footprint exceeded 100 m, fP1 was reduced by first 
estimating 10%, 30%, 50% and 70% REA footprints, then applying the interpolation described 
above to estimate the percentage REA footprint at 100m. For example, if REA footprint at 100 m 
was calculated as 60%, then fP1 = 0.6. (i.e., 60% of the measured flux originated from plot 1 and 
40% originated from outside plot 1). 
After calculating fP1, the plots contributing to the measured flux were identified to 
calculate the fractional contribution from each plot due to wind direction ((wd)i . Wind roses 
were developed for each measurement period to estimate prevailing wind directions and identify 
contributing crops. If there was only one contributing crop, (wd)i was set at 1. However, if 
prevailing wind directions resulted in fluxes from two or more crops, then (wd)i was determined 
by considering the frequency of wind speed and direction; e.g., if wind originated from the south 
(plot 5) 80% of the time, and from the east (plot 3) 20%, then (wd)5 = 0.8 and (wd)3 = 0.2. 
Differences in temporal scales between modeled and measured NH3 fluxes were bridged 
using concurrent continuous NH3 flux measurements from the FG method described in Chapter 
3. The aggregated NH3 flux profile over the measurement period as a function of time is 
presented in Figure 4.2. Hourly percent flux was first calculated for each day using data in Figure 
4.2. Then, the mean and standard deviation of hourly percent fluxes were calculated for the entire 
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measurement period that the FG system was operated. The resulting mean hourly temporal 
profile was applied to scale the modeled NH3 fluxes from the daily to the hourly scale and 
aggregated over the hours corresponding to REA measurements.  
 
Figure 4.2: Distribution of mean hourly NH3 flux and standard deviation based on flux gradient 
measurement data described in Chapter 3. Fluxes are averaged at an hourly scale and reported at 
the start of the hour. 
Four scenarios were considered to obtain NH3 flux outputs from DNDC:  
(a) ‘baseline’ – only fluxes from plot 1 were considered  
(b) ‘baseline_spatial’ – baseline NH3 fluxes from plot 1 were adjusted for NH3 
fluxes outside plot 1 with REA footprint correction  
 
(c) ‘baseline_temporal’ – baseline NH3 fluxes from plot 1 were scaled from day to 
the hour scale 
 
(d) ‘baseline_spatial_temporal’ – baseline NH3 fluxes from plot 1 adjusted using 
both REA footprint and temporal scale corrections   
4.2.3 Objective 3c: Evaluation of Closure Between Modeled and Measured Results 
4.2.3.1 Statistics for Closure Evaluation 
Closure was evaluated using analysis of association and analysis of coincidence. Analysis 
of association indicates how well trends in modeled and measured NH3 fluxes are replicated 























Hour (data reported at the start of the hour)
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measured NH3 fluxes (Smith and Smith, 2007). Association was analyzed using the sample 
correlation coefficient, ra: 
D_ =
∑ (lA − l*)(mA − m*)AjBAjd
∑ (lA − l*)= ∑ (mA − m*)=AjBAjdAjBAjd
 
Equation 4.3 
where, Oi is the ith observation, l* is the mean of i observations, Pi is the ith prediction, m* is the 
mean of i predictions, and n is the number of samples. When ra = 1 a positive association of 
trends between measured and modeled values exists, while ra = -1 indicates negative association. 
‘Significant’ association is generally considered the condition when D_= ≥ 0.8 (Smith and Smith, 
2007). 
Coincidence was analyzed using the root mean square error, RMSE, described in 
Equation 4.4 and the Student’s t-test, t, (Equation 4.5) to identify if differences in modeled and 
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4.3 Results and Discussion 
4.3.1 Objective 3a: Field Conditions, Input Data Sets, and DNDC Model Outputs 
Environmental and average climatic parameters for the site were calculated from multiple 
sources and are presented in Table 4.2 (with references to data sources) as the baseline for the 




Parameter Baseline Minimum-maximum values observed in Central Illinois 
Air temperature (°C) (annual average) 9.44 Comparing measurements at the Energy Farm, Bondville & Willard stations a 
Precipitation (cm) (annual average of 
daily precipitation) 0.3 
Comparing measurements at the Energy 
Farm, Bondville & Willard stations a 
Field capacity 0.36 0.33b - 0.44a 
pH 5.16 4.42c – 6.7d 
Soil organic carbon (kg C/kg soil) 0.035 0.015e – 0.045d 
Tilling date 5 May 4th May – 6th May 
Tilling depth (cm) 10 10f – 15g 
Fertilizer application date 5 May 21st Aprilh – 23rd Mayh 
Fertilizer application depth (cm) 15 10f – 15g 
Fertilizer application amount (kg-N/ha) 168 160i – 220i 
a Illinois State Water Survey, 2015; b Hollinger, 1995; c Energy Farm records; d USDA, 2015b; e 
Gopalakrishnan et al., 2012; f DNDC default value for chisel tillage; g Simmons and Nafziger, 2014; h USDA, 
2010; i Observed values (1999-2014), USDA, 2015b.  
 
Table 4.2 Range of input values observed in Central Illinois. For each input parameter, the 
minimum and maximum values were used in the modeling scheme provided in Section 2.2.1 to 
characterize uncertainty in modeled NH3 fluxes at the measurement site for the year 2014.  
A full description of crop development, yield, and ancillary environmental measurements 
is provided in Section 2.3.2. Ambient temperature and modeled NH3 fluxes for crops in plots 1-6 




Figure 4.3: (a) Daily average ambient air temperature (ISWS, 2017) and (b) modeled NH3 fluxes 
for crops located in plots 1, 2, 3 and 5, for year 2014. Inset indicates trends in modeled NH3 
fluxes for plots 2 and 3. Type of fertilizer and date of application are indicated with arrows, 
using same color as legend. No fertilizer was applied and hence zero NH3 fluxes were modeled 
by DNDC in plots 4 and 6 in 2014. DNDC outputs are reported in kg-N ha-1 day-1 and converted 
to µg-NH3 m-2 s-1. 
Largest modeled NH3 fluxes occurred after fertilizer application for corn in plot 1 (7.13 
kg-N ha-1 yr-1) and plot 5 (9.22 kg-N ha-1 yr-1). In contrast, NH3 fluxes from miscanthus (plot 2, 























modeled NH3 fluxes were zero for prairie grass (plot 4) and alfalfa (plot 6). These differences are 
attributed to the differences in type, amount, and timing of fertilizer application.  
Plot 1 was planted and fertilized on May 6th with 28% UAN, while plot 5 was fertilized 
on March 26th with a combination of 28% UAN (33 kg-N ha-1) and 82% anhydrous ammonia 
(168 kg-N ha-1) and planted on April 23rd (personal communication with EBI Energy Farm 
manager, Timothy Mies). Use of anhydrous ammonia in plot 5 resulted in a spike in fluxes 
within one day of fertilization, consistent with previous observations (Sommer et al., 2004). 
Positive NH3 fluxes to the atmosphere continued for 55 days following fertilization. Similarly, 
NH3 peak fluxes in plot 1 were observed shortly after fertilization application, however, they 
continued over a shorter period of 35 days post-fertilization. NH3 flux following UAN 
application in plot 1 is of the same order of magnitude and display similar temporal trends as 
those reported by Jantalia et al. (2012), with peak fluxes observed 6 – 10 days following 
application. 
4.3.2 Objective 3b: Estimation of Flux Contribution in an Inhomogeneous Field 
Results from footprint contribution estimates using Equation 4.1 and associated empirical 
coefficients are presented in Table 4.3 for all days where 90% footprint contribution exceeded 
100 m.  
128 
 
      NN% 
DOY C1 C2 C3 C4 C5 
R = 100 m 
N,S,E,W 
R = 141 m 
NE,NW,SE,SW 
126-2 1.57E-09 -7.63E-07 1.07E-04 1.23E-03 3.12E-02 61.8% 81.5% 
127-1 1.25E-09 -6.43E-07 9.54E-05 1.16E-03 3.12E-02 58.4% 78.6% 
127-2 1.19E-09 -6.20E-07 9.31E-05 1.15E-03 3.12E-02 57.7% 77.9% 
128-1 1.24E-09 -6.38E-07 9.49E-05 1.16E-03 3.12E-02 58.2% 78.4% 
128-2 1.19E-09 -6.18E-07 9.29E-05 1.15E-03 3.12E-02 57.6% 77.9% 
129-1 1.23E-09 -6.33E-07 9.44E-05 1.16E-03 3.12E-02 58.1% 78.3% 
130-2 1.04E-09 -5.61E-07 8.71E-05 1.11E-03 3.12E-02 55.7% 76.1% 
131-2 1.30E-09 -6.60E-07 9.71E-05 1.17E-03 3.12E-02 58.9% 79.0% 
132-2 1.62E-09 -7.82E-07 1.09E-04 1.24E-03 3.12E-02 62.3% 81.9% 
133-1 1.72E-09 -8.16E-07 1.12E-04 1.26E-03 3.12E-02 63.2% 82.6% 
138-2 3.28E-09 -1.33E-06 1.55E-04 1.48E-03 3.12E-02 72.7% 89.6% 
Table 4.3: Estimation of flux contribution (NN%) at footprint radius, R, = 100 m and 141 m. C1 
through C5 represent empirical curve-fitting coefficients, and N, S, E, and W correspond to 
cardinal directions (north, south east, and west). 
All cases where 90% footprint exceeded 100 m occurred in the first two weeks after 
fertilization. This was due to higher wind speeds, common in Central Illinois during this time of 
year, and low surface roughness due to an undeveloped canopy. R = 100 m corresponds to the 
shortest distance from the measurement tower to the edge of the study plot; in this study R = 100 
m was the distance from the measurement tower to the edge of the field in each of the four 
cardinal directions. R = 141 m is the longest footprint distance from the measurement tower to 
the edge of the study plot; in this study that is the distance to each corner of the square study 
plot. 
The method described here to estimate flux contributions from an inhomogeneous study 
domain has not been previously reported in the literature. This estimation can be further used to 
scale measured fluxes based on the relative contribution in a study plot of interest. Using either a 
secondary set of measurements from the neighboring field or modeled emission estimates from 
the neighboring field, it is then possible to quantify the relative contribution from multiple 
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smaller study plots to a mean flux across a larger spatial area. This technique is used in Objective 
3c to evaluate closure between measured NH3 flux and DNDC modeled emission estimates. 
4.3.3 Objective 3c: Closure Evaluation Between Modeled and Measured Fluxes  
Comparison of modeled NH3 fluxes under the four scenarios described in Section 4.2.2 
with REA measurements is shown in Figure 4.4.  
 
 
Figure 4.4: Comparison modeled and measured NH3 fluxes. Four modeled scenarios are shown: 
‘baseline’ = NH3 fluxes from plot 1, ‘baseline_spatial’ = baseline adjusted with external flux 
contributions, ‘baseline_temporal’ = baseline adjusted with day to hour conversion profile, 
‘baseline_spatial_temporal’ = baseline adjusted with both external flux contributions and day to 
hour temporal conversion. Data correspond to REA measurements over one corn-growing season 
(DOY 115-172). Fertilizer application occurred on DOY 126. 
The baseline case represents direct outputs of DNDC for daily average fluxes across a 
homogenous study plot. The baseline_spatial case exhibited the highest fluxes prior to 
fertilization at the study plot (i.e., before DOY 128) because it incorporates contributions from 
the neighboring commercial corn field to the south of the study plot. Because the commercial 
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corn plot was fertilized on DOY 86 (compared to DOY 128 for the study plot), peak emissions 
from the commercial corn plot occurred earlier than the study plot, thereby increasing the 
modeled fluxes in the baseline_spatial case prior to study plot fertilization. The curve 
representing the baseline_temporal case is lower than both the baseline and baseline_spatial 
cases because it represents fluxes apportioned to REA sampling periods only. Due to the scale of 
the x-axis, and intermittent REA sampling periods, the baseline_temporal curve has a 
consistently lower magnitude than the baseline case. If baseline_temporal corrected fluxes were 
plotted on an hourly basis (rather than only those time periods corresponding to REA 
measurements), the curve would exhibit a sawtooth pattern, with peak fluxes typically exceeding 
the baseline case during afternoon periods. The baseline_spatial_temporal curve exhibits a lower 
maximum flux due to the influence of lower fluxes from the neighboring commercial corn plot, 
with higher fluxes prior to DOY 128 when compared with the baseline case due to contributions 
from the neighboring fields prior to fertilization of the study plot. 
Overall, DNDC underestimated NH3 fluxes compared to measurements, except for the 
baseline case (Table 4.4). Modeled fluxes after DOY 178 were zero for all cases. However, 
measurements indicated fluxes of smaller magnitudes (< 0.20 µg m-2 s-1) in the same time period. 
No negative fluxes were captured by DNDC during the entire measurement period, indicating a 
limitation of the model in capturing depositional fluxes due to the uncertainty inherent in the 
DNDC model formulation (Balasubramanian et al., 2017).  
Modeled NH3 fluxes were evaluated for closure using coincidence and association 
statistics (Table 4.4) over two time frames: (1) for the entire time period for which REA 
measurements were available (DOY 115-272) and (2) a shorter time period characterized by 
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highest positive fluxes recorded by REA measurements in plot 1 (DOY 126-158, 14 samples), 
based on the sub-periods evaluated by Walker et al. (2013) and in Chapter 2 of this study.  
+ indicates significant difference at 0.95 confidence level 
Table 4.4: Coincidence and association statistics for evaluating closure between modeled and 
measured NH3 fluxes. Two time frames were considered for analysis: entire measurement period 
(DOY=115-272) and days characterized by high positive NH3 fluxes following fertilizer 
application in plot 1 (DOY= 126-159). 
RMSE for the baseline case was higher for the entire measurement period (169%) 
compared to DOY 126-159, characterized by higher measured positive fluxes (115%). RMSE 
also reduced from 169% to a minimum value of 124% for the entire measurement period and 
from 115% to a minimum value of 58.1% for DOY 126-159. Modeled and measured NH3 fluxes 
were in agreement for DOY 126-159 using a two-tailed t-test. Two scenarios (baseline_temporal 
and baseline_spatial_temporal) resulted in significant differences when considering the entire 
measurement period. Association statistics (ra2 = 0.38 – 0.52) indicated poor correlation between 
measurements and modeled results for the entire growing season. However, ra2 values were 
considerably higher (0.74-0.83), for DOY 126-159, while ra2 values improved when external flux 
Scenario 
















RMSE (%) 168.8 114.6 
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contributions were accounted (baseline spatial) and when the day to hour conversion was applied 
(baseline_temporal and baseline_spatial_temporal). This result suggests that DNDC has better 
agreement with REA measurements when fluxes are larger and positive, indicating an under-
prediction of negative NH3 flux (deposition) using DNDC when compared to measurements.  
RMSE for all four modeled cases and time frames was higher compared to RMSE 
reported by Cui et al. (2014) (77.4%) and Li (2000) (39%). This difference may be due to 
difference in duration between the present studies (157 days) and previously reported results (11 
days). Improved RMSE for DOY 126-159 for all four modeled cases indicate that modeled NH3 
fluxes were more representative of the physico-chemical processes governing soil-atmosphere 
exchange of NH3 as compared to the entire time period of DOY 115-272. Higher depositional 
fluxes after DOY 159 measured with REA (when compared with DNDC outputs) are indicative 
of possible limitations of the DNDC depositional algorithm for NH3. Addition of flux 
contributions from adjacent fields when the REA footprint exceeded the 90% footprint limit, as 
well as adjustment to match the measurement and simulation time scales, resulted in improved 
model-measurement agreement for the time period when fluxes were to the atmosphere.  
4.4 Summary and Conclusions 
The DeNitrification DeComposition (DNDC) model is widely used to predict fluxes of 
greenhouse and trace gases to the atmosphere. While the model’s performance for predicting 
greenhouse gas fluxes has been evaluated in many studies, assessment of NH3 fluxes following 
chemical fertilizer application is reported only in two studies in China for periods of a few days 
(Li, 2000; Cui et al., 2014). In this study, DNDC’s ability to model NH3 fluxes following 
fertilizer application at a typical Midwest site over an entire corn growing season was evaluated. 
Modeled NH3 fluxes were compared with measurements obtained using the REA method, at a 
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measurement site in Central Illinois in 2014. Practical issues in evaluating closure were also 
addressed.  
In DNDC, a field site is conceptualized with uniform nutrient management and 
environmental parameters. While micrometeorological flux measurement methods rely on an 
assumption of spatial homogeneity in the measurement study domain, this is not always the case 
in practice due to natural variability of environmental conditions and differing farm management 
practices. To facilitate model-measurement inter-comparison, all REA measurements were 
considered (regardless of homogeneity of the measurement domain) and a method was devised 
to account for spatial inhomogeneity by apportioning fluxes to plots surrounding the 
measurement plot. An approach was also developed to scale down the daily DNDC predictions 
to the 4 h duration of REA measurements. Thus, to evaluate closure between modeled and 
measured fluxes, a four-scenario approach was developed, where different scenarios accounted 
for spatial inhomogeneity and temporal resolution differences. Overall, DNDC fluxes were 
generally less than measured fluxes for all scenarios and DNDC fluxes were in better agreement 
with REA measured fluxes during periods of high positive fluxes rather than periods of observed 
negative fluxes, indicating possible need for improvement of the NH3 deposition algorithm of the 
model. Comparison of uni-directional to bi-directional parameterization of dry deposition have 
been found to account for up to 50% differences at the site scale (Dennis et al., 2013). 
Accurate measurements of spatial and temporal variations in NH3 emissions are needed 
as inputs to air quality models for accurate estimates of nitrogen loss in the environment and 
quantification of nitrogen deposition fluxes to sensitive and intensively managed ecosystems. 
This study is the first to evaluate the predictive capability of DNDC to model NH3 fluxes over an 
entire growing season based on closure analysis with experimental field measurements. This 
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objective has important implications for two reasons: (1) it demonstrates that DNDC is able to 
capture timing of NH3 emission peaks following chemical fertilizer application and (2) it 
highlights practical issues when examining closure between model predictions and 
measurements due to underlying assumptions of homogeneity in the study domain and 
differences in temporal resolution between model and measurements.  
In a broader perspective, while measurements provide valuable site-level data, models are 
advantageously used to estimate trace gas fluxes at regional and global scales. Therefore, it is 
important that the most commonly used models are evaluated for the application used and their 
limitations are well understood. With this in mind, in the case of using DNDC for obtaining NH3 
fluxes following fertilizer application, these results point to the following areas for future 
improvements: a) improvement of the NH3 deposition algorithm to include detailed 
parameterization describing the bi-directionality of the NH3 fluxes (Nemitz et al., 2001); b) flux 
output at time scales relevant to air quality models (hourly); and c) further evaluation/closure 
studies at the site mode. A regional mode of DNDC is available and implemented widely 
(Neufeldt et al., 2006; Pathak et al., 2005). However, while multiple crops can be represented 
using the regional-scale version of DNDC, it does not allow for accounting detailed site-specific 
inputs, and modeled fluxes are obtained at the annual level for the sake of computational 
efficiency (Perlman et al., 2013). Therefore, large discrepancies between the use of site and 




CHAPTER 5: SUMMARY, SIGNIFICANT CONTRIBUTIONS, AND 
FUTURE WORK 
Improved understanding of the role of NH3 in adverse environmental effects such as soil 
acidification, waterway eutrophication, and formation of secondary particulate matter pollution is 
important as the use of nitrogen-based fertilizers continues to increase globally (USEPA SAB, 
2011). The goal of this research is to increase understanding of NH3 flux from an intensively 
managed agricultural ecosystem in the Midwest United States (US). Application of nitrogen-
based fertilizers in the area of this study is the majority contributor to anthropogenic atmospheric 
NH3. This research is divided into three major thrust areas: (1) experimental quantification of 
NH3 flux, (2) inter-comparison of NH3 flux measurement methods with differing temporal 
resolution, and (3) evaluation of DeNitrification DeComposition (DNDC) model closure with 
experimental measurements from an inhomogeneous study domain. A summary of significant 
contributions from each of the primary study objectives follows. 
5.1 Summary and Significant Contributions of this Research 
5.1.1 Objective 1: Summary and Significant Contributions 
Objective 1 quantified NH3 flux above an intensively managed cornfield in the Midwest 
to improve understanding of NH3 emissions and evaluations of new and existing emission 
models. A relaxed eddy accumulation (REA) system was designed, assembled, and calibrated at 
the Illinois State Water Survey prior to deployment above a corn canopy in Central Illinois (40° 
3’ 46.209” N, 88° 11’ 46.0212” W) from May through September 2014 (day of year 115 – 273) 
to measure NH3 fluxes due to chemical fertilizer application. NH3 flux was measured in four-
hour periods during mornings and afternoons. Mean atmospheric NH3 concentration during the 
complete measurement period was 2.6 ± 2.0 µg m-3. Larger upward fluxes of gaseous NH3 were 
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measured during the first 30 days after fertilization, with variations observed throughout the field 
campaign. Measured NH3 fluxes during the 2014 growing season ranged from -161 ng m-2 s-1 to 
800 ng m-2 s-1 within two weeks of fertilization (where negative flux indicates deposition). Mean 
positive flux was 233 ± 203 ng m-2 s-1 in the morning and 260 ± 253 ng m-2 s-1 in the afternoon, 
while mean negative flux was -45.3 ± 38.6 ng m-2 s-1 in the morning and -78.4 ± 74.9 ng m-2 s-1 
in the afternoon. NH3 volatilization during the first 21 days after fertilization accounted for 79% 
of total nitrogen loss during the growing season.  
Measurements reported in Objective 1 are necessary to improve understanding of 
agricultural NH3 emissions in managed agricultural ecosystems dominated by rotations of highly 
fertilized corn and moderately to lightly fertilized soybeans, such as the plot studied herein. 
Specific significant contributions of this objective are: 
1. The first reported NH3 flux measurements over an intensively managed corn canopy in 
the Midwest for the duration of a corn-growing season. 
2. The development of a new method to quantify under/over-estimation of NH3 fluxes 
measured with an accumulating method due to spatial inhomogeneity of the study plot. 
3. An inter-comparison of NH3 flux measurements in the Midwest with measurements in 
North Carolina, identifying differences in magnitude and timing of maximum emission 
attributed to differences in field management practices and localized environmental 
conditions. 
5.1.2 Objective 2: Summary and Significant Contributions 
Studies of NH3 flux over agricultural ecosystems in the US are limited by low temporal 
resolution (typically hours or days) and sparse spatial coverage, with no studies over corn in the 
Midwest. Objective 2 reports on NH3 flux measurements over a corn canopy in Central Illinois 
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using the REA and flux-gradient (FG) methods, providing measurements at 4 h and 0.5 h 
intervals, respectively. The REA and FG systems were operated for the duration of the 2014 
corn-growing season. Flux-footprint analysis was used to select data from both systems, resulting 
in 82 concurrent 4 h measurements. Mean NH3 flux was 205 ± 300 ng m-2 s-1 from REA and 110 
± 256 ng m-2 s-1 from FG for all concurrent 4 h samples. Results from both methods were in 
agreement at a 0.95 confidence level for all coincident measurements. The FG method resolved 
NH3 emission peaks at 0.5 h averaging time that were otherwise not observed with 4 h REA 
averaging. Two early-season emission periods were identified (DOY 130-132 and 140-143), 
where the timing and intensity of such emissions are attributed to a combination of urease 
inhibitor and localized soil temperature and precipitation. 
NH3 flux measurements with high temporal resolution (< 1 h), such as those from the FG 
method used in Objective 2, are important for evaluation of process-based models describing 
surface-atmosphere exchange of NH3 and to better understand the impact of agricultural NH3 
emissions on air quality and the global Nitrogen Cycle. Objective 2 also investigated the effect of 
temporal resolution on the ability of measurement methods to capture variability in NH3 fluxes. 
Specific significant contributions of objective 2 are: 
1. The first reported use of the FG method with automated exchange mechanism to measure 
NH3 flux in the US with 0.5 h averaging interval. This is the highest temporal resolution 
of NH3 flux measurements over a corn canopy reported in the literature and represents a 
significant advancement in measurement of NH3 flux. 
2. An inter-comparison of 0.5 h and 4 h NH3 flux measurements using FG and REA, 
respectively, demonstrating good agreement between methods for characterizing 
emission maxima and mean flux. 
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3. The first reported measurements of diurnal NH3 flux over a corn canopy in the Midwest, 
where mean nighttime and daytime NH3 flux were -0.23 ± 0.23 ng m-2 s-1 and 25.9 ± 93.5 
ng m-2 s-1, respectively, using the FG method. This measurement is important in the 
context of single-direction NH3 emission models that do not characterize deposition, 
common of nighttime conditions. 
4. Identification of two distinct periods of elevated NH3 emission in the first 30 days 
following fertilization using both the REA and FG methods, attributed to a combination 
of environmental conditions (precipitation events and localized soil temperature) and the 
use of N-(n-butyl)-thiophosphoric triamide (nBTPT) urease inhibitor. 
5.1.3 Objective 3: Summary and Significant Contributions 
DeNitrification DeComposition (DNDC) model predictions of NH3 flux following 
chemical fertilizer application were evaluated for closure with REA measurements in Central 
Illinois over the 2014 corn-growing season. Practical issues for evaluating closure were 
addressed by accounting for fluxes outside the measurement site and differences in temporal 
resolution. DNDC modeled NH3 fluxes were in agreement with measurements (p = 0.05) and 
replicated trends satisfactorily (ra2 > 0.74) during the first 33 days after fertilizer application, 
when measured fluxes were to the atmosphere. DNDC did not replicate measured trends as 
closely during later time periods when depositional fluxes were measured (ra2 < 0.52). Results 
from Objective 3 represent the first study to evaluate the predictive capacity of DNDC to model 
NH3 flux over an entire growing season using season-long NH3 flux measurements above a corn 
canopy in the Midwest. These results can guide future improvements in DNDC for use in the 
development of NH3 emission inventories with higher spatial and temporal resolution and in 
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upscaling emissions from the site (farm) to the regional scale using DNDC. Significant 
contributions from Objective 3 are: 
1. Demonstration of the ability of DNDC to describe timing and NH3 emission peaks 
following chemical fertilizer application. 
2. Identification of practical issues when examining closure between model predictions and 
measurements due to underlying assumptions of homogeneity in the study domain and 
differences in temporal resolution between modeled and measured NH3 flux. 
3. Development of a new input data set of ancillary environmental parameters coupled with 
season-long NH3 flux measurements at the same site that can be used for evaluation of 
NH3 emission and flux models. 
5.2 Recommendations for Future Research 
Based on the results presented herein, several directions for future research are described 
in this section. Future research recommendations are broadly categorized in three themes: (1) 
method development for NH3 flux quantification, (2) further NH3 flux measurement needs, and 
(3) NH3 flux model development and evaluation. 
5.2.1 Method Development for NH3 Flux Quantification 
Objectives 2 & 3 of this research demonstrate the value of NH3 flux measurements at 
timescales consistent with some process-based models of NH3 flux from agricultural fields and 
air quality models describing subsequent transformation and fate (i.e., < 1 h). While DNDC 
outputs daily data as described in Objective 3, other process models such as Volt’Air-NH3 and 
SURFATM-NH3 model NH3 flux at hourly timescales. Although the FG method as implemented 
in Objective 2 is capable of quantifying NH3 flux at such timescales, the power requirements and 
complexity of the system limit the suitability of this approach for measurements at agricultural 
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field sites. The relatively high cost of equipment may also be a hindrance to widespread use 
across different ecosystems. 
Recent advances in an open path quantum-cascade laser method to quantify NH3 
concentration is promising for potential future application in flux measurements (Miller et al., 
2014). This instrument has been used to characterize NH3 emissions from on-road mobile 
sources (Sun et al., 2014) and a beef cattle feedlot (Sun et al., 2015), reporting 0.5 h average NH3 
flux of 35 µg m-2 s-1, three orders of magnitude greater than early-season fluxes measured in this 
study. This method does not yet provide sufficient limits of detection to quantify NH3 flux from 
open agricultural fields, where concentration gradients are smaller and average NH3 
concentration is lower, but is a promising advancement in NH3 concentration and flux 
measurements. As this method advances, its use for quantifying early-season NH3 flux from 
open cropland should be considered. 
Longer duration (> 1 week) accumulating measurements using passive NH3 samplers 
such as the Radiello® device described in Section 2.2.2.7 may be suitable for use in a 
concentration-gradient method for flux quantification. While this approach would not provide 
high temporal resolution data such as that presented in Objective 2, it could be implemented 
more widely to characterize weekly NH3 flux across a diverse range of ecosystems because of 
the low maintenance and instrumentation cost. 
5.2.2 Further NH3 Flux Measurements 
Results from Objectives 1 and 2 of this research demonstrate that while there are 
similarities in NH3 flux profiles across different geographic domains (i.e., Central Illinois and 
North Carolina) and differing field management practices, localized environmental and 
management practices affect the magnitude and temporal profile of NH3 flux across different 
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ecosystems. Quantification of the relative impact of such factors requires further detailed studies 
designed to control for such conditions. Such uncertainty could be resolved with systematic 
measurement studies that involve carefully controlled inter-comparisons in similar environments 
and measurement-modeling studies for a broad range of environmental conditions and farm 
management practices. It is therefore important to collect additional measurements of NH3 flux 
in agricultural systems using different management practices, with particular focus on those 
areas where fertilizer application is the dominant source of atmospheric NH3, such as the 
Midwest. Measurements representative of different fertilizer types and application practices are 
important, including anhydrous NH3, urea-ammonium nitrate (UAN), and urea, which are the 
most commonly used fertilizers in the Midwest as well as difference among fertilizer application 
methods (sprayed vs injected) and differing field management practices (till vs. no-till) and the 
use of urease inhibitors with urea-based fertilizer application Measurements across these varied 
conditions are needed to evaluate the performance of NH3 emission models in different domains 
(Balasubramanian et al., 2015). Where possible, such measurements should be at < 1 h 
timescales for evaluation of process-based emission models at similar timescales such as 
Volt’Air-NH3 (Garcia et al., 2012) and SURFATM-NH3 (Personne et al., 2009). Measurements 
at this timescale could also be used to evaluate NH3 emission models with longer timescales 
(e.g., DNDC) by averaging data. Results from Objectives 1 & 2 suggest that future measurement 
campaigns should be focused on the first 30 to 45 days after fertilizer application, corresponding 
to the time period when a majority of NH3 emission occurs (>75% of total seasonal emission). 
This is also supported by Walker et al.’s 2017 results, where over 50% of NH3 emission was 
observed within the first 21 days after fertilizer application. Given +/- 50% uncertainty in NH3 
emission inventories (Sutton et al., 2007), capturing these emissions in the period immediately 
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following fertilization (30 to 45 days) is important to bound current emission estimates and 
improve inputs to air quality models for subsequent modeling of transformation, transport, and 
impact associated with fertilization. Such measurements should focus on both spring and fall 
fertilization periods. 
The size of study plots used in future field campaigns should be carefully considered in 
the context of flux footprint. When large (> 1 x 1 km2) experimental plots are unavailable or not 
readily accesible for measurements it is important to couple measurements with a comprehensive 
analysis of the flux footprint, particularly for integrated measurement methods such as REA. In 
addition to measurement of NH3 fluxes, future field studies should continue to include 
measurements of air temperature, precipitation, soil pH, soil moisture, soil temperature, soil 
organic carbon, and solar radiation to better understand the relative impact of underlying 
climactic and environmental conditions. Fertilizer type, application method, application depth (if 
tilled or injected), application date, and the use of urease inhibitor should also be reported for all 
future studies. Inclusion of both the type (i.e. specific brand and product formulation) and 
application rate of urease inhibitor is important to further develop an understanding of the impact 
of urease inhibitor on NH3 emissions. Further, the use of satellite measurements, such as those 
described in Warner et al. (2017), to guide the location of future measurement campaigns should 
be considered to further investigate NH3 fluxes in areas of higher relative concentrations. 
Objective 2 identified two early-season periods of elevated NH3 emission, consistent with 
results by Walker at al. (2013). Elevated emission periods were attributed to a combination of 
localized environmental conditions and the use of nBTPT urease inhibitor in both cases. 
However, the temporal allocation and relative intensity of elevated emissions were not consistent 
between these studies. Further, emission profiles reported here and by Walker et al. (2013) differ 
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from focused studies on the effect of urease inhibitor, as described in Section 3.2.1.2 (Rawluk et 
al., 2001; Engel et al., 2011). Due to the significant reduction of NH3 emission attributed to 
nBTPT urease inhibitor (15 – 71% reduction, 44% mean reduction; Chadwick et al., 2005), it is 
important to more fully understand its effect on the temporal profile and magnitude of NH3 
emissions. Further field measurements with <1 h temporal resolution for the first 30 days after 
fertilization are needed. Previous studies have quantified the effect of urease inhibitor using 
chamber methods, which can limit or obfuscate the effect of local environmental conditions 
(Rawluk et al., 2001). Therefore, future research in this area should focus on the use of 
micrometeorological methods to elucidate the relative impact of local environmental conditions 
and urease inhibitor on NH3 emissions. 
While quantifying error in integrated flux measurements such as REA is challenging, 
evaluation of REA measurements with results from direct EC measurements of CO2 and volatile 
organic compounds has shown strong correlation (r2 > 0.92) between the measurement methods 
(Pattey et al., 1993; Bowling et al, 1998). Oncley et al., (1993) evaluated accuracy of the REA 
method for CO2 quantification and observed errors of 20% when compared with direct eddy 
covariance measurement of CO2. Further research is required to experimentally evaluate 
uncertainty in the REA system for NH3 flux measurements, which could be accomplished 
through a field campaign with replicate REA systems operated with a single control system. 
5.2.3 Improved NH3 Flux Modeling and Evaluation 
There is an opportunity to improve process-based biogeochemical models by further 
developing a parameterization for the effect of a urease inhibitor on NH3 emission profiles. 
DNDC includes an input field to allow for the use of urease inhibitor where the user can input 
the efficiency and effective duration of the particular urease inhibitor. The present study and 
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work by others has demonstrated the combined effect of urease inhibitor and environmental 
conditions on NH3 emissions (Engel et al., 2011; Walker et al., 2013). Because the efficiency and 
effective duration of urease inhibitor is a function of environmental conditions and application 
method and timing, it is necessary to more fully parameterize the effectiveness of such inhibitors 
in process-based models. While the current module in DNDC allows for some control of the 
effect of urease, a more complete parameterization based on DNDC input data may yield 
improved model results. Additional field experiments, described above, are required to support 
this parameterization with empirical inputs.  
DNDC capabilities can be further improved by focusing on refinement of the NH3 
deposition algorithm to better account for bi-directionality of NH3 flux (Nemitz et al., 2001). 
Additionally, development of DNDC flux outputs at timescales relevant to air quality models 
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